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ABSTRACT
Throughout western North America, riparian ecosystem function has been
transformed by anthropogenic influences on riverine environments. Modified flood
frequencies, durations or intensities, depressed floodplain water tables, and increased
rhizosphere salinities contribute to change in communities formerly dominated by
alluvial forest taxa. In addition, the invasion of a naturalized arborescent shrub,
Tamarix ramosissima. potentially alters competitive hierarchies and disturbance
regimes in riparian ecosystems. To evaluate southwestern riparian community
structure and function, comparison of ecophysiological characteristics of dominant
woody taxa with site physical parameters was undertaken in riparian ecosystems that
are relatively pristine (Bill Williams River) and highly perturbed (lower Colorado
River). Analyses of leaf elements and tissue water relations parameters indicated
that Tamarix was halophytic, apparently using Na to adjust osmotically to moisture
or salinity stress. Tamarix leaf litter accumulation may also contribute to episodic
fires, a form of disturbance that appears to be new in southwestern riparian
ecosystems. Post-fire soil salinization and hydraulic efficiency in resprouting burned
Tamarix individuals provided evidence for fire adaptation in this species relative to
native woody taxa. The shrub, Tessaria sericea. appeared to share certain of these
traits with Tamarix. apparently contributing to its success in colonizing perturbed
floodplain habitats. Stable isotopic analyses of moisture sources and xylem water
showed that Tamarix may be facultatively phreatophytic while the formerly
dominant alluvial forest taxa, Salix gooddingii and Populus fremontii. are obligate

phreatophytes. Leaf tissue carbon isotopic discrimination provided evidence for high
water use efficiency in Tamarix relative to the other three taxa evaluated.
Experimental removal of Tamarix from stands where Salix was codominant resulted
in morphological change, less negative water potentials and higher leaf conductance
in Salix. all evidence for interspecific competition. The persistence of Salix but not
Populus on the Colorado River may occur due to lower osmotic potentials and
higher cell elasticity in the former species. A high proportion of senescent Populus
in Colorado River riparian vegetation plots provided an indication that this species is
approaching local extinction in this ecosystem. Ordination analyses provided
evidence for riparian community structure along gradients of moisture, salinity,
disturbance from fire, and community maturity.
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CHAPTER I

GENERAL INTRODUCTION

CONSERVATION BIOLOGY OF RIPARIAN ECOSYSTEMS

Ecosystems supported by perennial streamflow are naturally scarce in the arid
Southwest. These systems have been subject to alteration since the settlement of the
region by people of European descent. Water projects and agriculture have directly
or indirectly affected much of the low elevation floodplain forest which formerly
existed in the Southwest. Because there is continued interest in the development o f
riparian resources, especially water, the ecology of riparian vegetative communities
is a timely subject.
Throughout the United States, the predominant riparian forest types have
undergone a 66% reduction in area since European settlement (Swift 1984). The
importance o f the loss of regional structural diversity provided by native riparian
woodlands is underscored by the finding that birds and small mammals occur in
significantly greater numbers in closed- as opposed to open-canopy forest stands
(Hodorff et al. 1988). The significance of this decline is demonstrated by the fact
that although riparian vegetation occurs on < 1% of the western North American
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landscape, it provides habitats for more bird species than all other vegetation types
combined (Knopf et al. 1988).
For the lower Colorado River, it has been demonstrated that, across all
seasons and most structural configurations, associations dominated by native woody
phreatophytes attract the richest and most diverse assemblages of avian species;
much less use of exotic Tamarix sp. (salt-cedar) habitats is detected (Anderson and
Ohmart 1984). Contrasting with this are indications that Tamarix habitats are
relatively important to breeding birds in less extreme southwestern riparian
environments (Brown and Johnson 1983, Hunter et al. 1985). Striking changes to
lower Colorado River floodplain forest communities have been documented.
Grinnell (1914) noted that the Populus fremontii-Salix gooddingii (cotton woodwillow) association spread across the lower Colorado River floodplain for as much
as 11 km and was continuous along the river’s channel, making it the "most
important" of the associations dependent on the river. A conservative estimate of
the extent of the Populus-Salix dominated community of the lower Colorado River
floodplain during pristine times is 2025 ha (Ohmart et al. 1977). The most recent
such estimate for this community’s coverage is ca. 202 ha (Younker and Andersen
1986). However, in most areas where this community taxa persists, Tamarix or
other shrubby species are likely to be of greater importance. This is because, under
the modem classification, a stand must have only > 1 0 % Salix and/or Populus trees
to be classified as dominated by these taxa (Anderson and Ohmart 1976). O f 38,556
ha classified as riparian vegetation in the lower Colorado River floodplain, 18,240

ha (47%) are dominated by nearly monotypic Tamarix (Younker and Anderson
1986). Over much of the remaining area Tamarix stem densities are high, although
it shares dominance with other taxa.
Concerns have been expressed relating to the tendency of Tamarix to form
dense thickets that pose serious flood control problems by reducing the capacity of
major stream channels (Graf 1982). There has also been substantial interest in the
"consumptive use" of water by Tamarix. but the extent of water loss due to
evapotranspiration remains somewhat controversial (Van Hylckama 1970, Gay and
Fritschen 1979, Weeks et al. 1987).
Because of the various important values placed on riparian ecosystems, there
have been numerous ecological studies of the floodplain vegetation of many river
systems. Although much of the literature consists of little more than inventories of
dominant plant communities, certain efforts stand out. For example, Pautou and
Decamps (1985) documented ecological interactions with various hydrogeological
variables which are of importance to alluvial forest organization for the Rhone
River. North American investigations have utilized tree demography (Everitt 1968)
and quantification of edaphic environments (Johnson et al. 1976) to better
understand the dynamics of the Missouri River riparian community. Studies of
bottomland vegetation distribution in relation to fluvial landforms along Passage
Creek, Virginia (Hupp and Osterkamp 1985), and of gradient relationships and sizeclass characteristics of the riparian forest on the Mississippi River alluvial plain
(Robertson et al. 1978) united quantification of the physical environment with
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analyses of riparian community response. Studies of the relationships between
riparian stand population biology and stream discharge dynamics (Stromberg and
Patten 1990, Stromberg et al. 1991) have helped clarify the role of flooding in the
recruitment of trees in riparian forest communities.
Physiological responses to environmental stress affect factors such as tree
architecture, stand demography, plant distribution, and gradient relationships
(Osmond et al. 1987, Waring 1987). Despite this, the integration of mechanistic
approaches into research on southwestern riparian ecosystems has been limited.
Most previous riparian plant ecology research consists of correlative comparisons of
presumed moisture gradients with plant community structure. Irvine and West
(1979) related distribution and successional status of Escalante River, Utah riparian
trees to geologic stratigraphy, river bank morphology, and river flow. Research has
been conducted in Arizona on the effects of flow regulation on Populus regeneration
(Fenner et al. 1985), and the interrelationships of groundwater levels, alluvium
textures, and salinity conditions associated with Tamarix. Tessaria sericea
(arrowweed) and Prosopis (mesquite) community dominance (Gary 1965). Brady et
al. (1985) described developmental processes which were hypothesized to occur in
riparian gallery forests on the San Pedro and Upper Gila Rivers. Studies on the
Gila and Verde Rivers described alluvial forest stand characteristics, phenology and
regeneration, and utilized these data in comparisons with soil water status and water
quality (Brock 1984, 1987).
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For the lower Colorado River ecosystem, research has been conducted at
varying levels of intensity on hydrogeology, evapotranspiration, vegetation
classification, vertebrate riparian habitat use, and the restoration of riparian habitats.
Central to these disciplines, and yet largely neglected, have been factors explicitly
related to the field of plant ecology. Many of the ecological studies were conducted
under the Bureau of Reclamation’s Vegetation Management program (Anderson and
Ohmart 1984). Among the more pertinent portions of this research are the habitat
classification and mapping systems which were devised. As reviewed by Anderson
et al. (1983), this system is based on transect tree and shrub counts and foliage
density measurements. This system has become standard for evaluating avian
riparian habitats of the lower Colorado River and similar southwestern landscapes.
Anderson and Ohmart (1984) also examined the phenology of riparian tree growth
and reproduction. Although they only speculated as to the environmental parameters
responsible for the observed variation in their data, this information provides a
baseline for ecophysiological research.
More informative with respect to the present research are data that have been
collected as a part of efforts to restore habitats composed of native riparian trees and
shrubs. Although such efforts have intensified in recent years, there has been little
research dealing with growth responses or survivorship of plantings for most
revegetation sites. Data from sites planted in conjunction with the Vegetation
Management study (Anderson and Ohmart 1982) continue to provide the primary
guidance in this area. In conjunction with California Department of Fish and Game
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revegetation efforts, Anderson (1988) examined soil salinities and groundwater
depths at sites throughout much of the lower Colorado River floodplain. Similar
efforts have been undertaken by the Bureau of Reclamation in a preliminary attempt
to evaluate growth on restoration sites. An important research contribution was
directed toward assessing salinity tolerance in seeds and seedlings of several riparian
trees and shrubs (Jackson et al. 1990). Despite the value of such studies in
evaluating riparian restoration site potential, these studies provide somewhat limited
insight into the mechanisms regulating riparian plant community responses to
environmental stress.

PHYLOGENY AND FLORISTIC RELATIONSHIPS
OF DOMINANT RIPARIAN TAXA

The riparian vegetation of the Southwest has been described in various
hierarchical classifications (Brown et al. 1979, Minckley and Brown 1982, Szaro
1989). Comprehensive mapping of lower Colorado and Bill Williams River riparian
vegetation undertaken by Anderson and Ohmart (1976) has been updated twice
(Anderson and Ohmart 1984, Younker and Anderson 1986). Tree counts and
foliage density measurements made along transects through representative stands
were used to quantify vegetation for these maps. Community types were designated
according to stem density, while variation in foliage density values at three vertical
levels was used to derive six categories of stand configuration. The trees that
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historically (e.g. Grinnell 1914) dominated low-elevation riparian gallery forests of
the Southwest are representatives of two genera of the family Salicaceae. These are
Populus and Salix.
The genus Populus is common in forests and alluvial bottomlands from the
Arctic Circle to northern Mexico and from the East to West Coast in North America
and throughout Europe to northern Africa, the Himalayas, central China, and Japan
(Sargent 1922). The earliest known remains of Populus sect. Aigieros come from
late Miocene deposits of central Washington, with Pliocene remains widespread
throughout western North America; Pleistocene remains are assigned to extant taxa
(Eckenwalder 1977). Sargent (1922) indicated that at least three species of
cottonwood (Populus fremontii S. W ats., P. arizonica Sarg., and P. macdougalii
Rose) were found along streams of the Colorado and Mojave Deserts. Munz (1974)
also notes the presence of P. macdougalii on the Colorado River in California and in
Arizona and Nevada while Kearney and Peebles (1960) classified the cottonwoods o f
the lower Colorado River as P. fremontii var. macdougalii. Eckenwalder (1977)
unified these taxa as P. fremontii subsp. fremontii. a subspecies distributed west of
the Continental Divide from the Sacramento Valley, Calif, and Wasatch Range,
Utah south through Arizona to northern Baja California and Sonora. This
classification is corroborated by Benson and Darrow (1981) and accepted for further
use here as Populus.
Benson and Darrow (1981) recognized two willow species from riparian sites
in the Colorado and Mojave Deserts (Salix nigra Marsh, var. vallicola Dudley and
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S. exigua Nutt.). Dorn (1976, 1977) remarked upon the distinctness of S. nigra and
S. gooddingii Ball and lists only the latter from Arizona and Nevada. This
distinction, as well as the existence of but two species in the area under
consideration, is supported by Sargent (1922), Kearney and Peebles (1960) and
Munz (1974). Here, the existence of S. gooddingii and S. exigua as the sole taxa
occupying the lower Colorado River floodplain is followed. A comprehensive
review of the evolutionary relationships and historical distribution of Salix is
provided by Dorn (1976), in which it is theorized that the genus arose in what is
presently eastern Asia and expanded mostly into temperate and arctic regions. The
subgenus Salix. to which S. gooddingii and S. exigua belong, appears to have
arrived in North America from Africa at a time when the continents were
contiguous, although it could have also arrived via a more northerly route since a
subtropical climate extended across much of the North American landmass at this
time. This subgenus has maintained the most tropical distribution of the genus with
the single South American willow species also a representative of Salix. Nearly all
North American willow species appear to have originated prior to or during
Pleistocene glaciation, with an explanation of present day distribution dependent on
past widespread disturbance of habitats. Speciation appears to be largely a result of
isolation in the more primitive subgenus Salix as reflected by the relatively low
incidence of polyploidy. Further reference to Salix will apply only to S. gooddingii
which is, or was, a dominant mesophanerophyte at low-elevation alluvial sites
throughout the Southwest.
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Two species of the genus Prosopis are also dominant or codominant in many
desert riparian situations. Screwbean (P. pubescens Bentham) is restricted to the
floodplains o f major Chihuahuan, Sonoran and Mojavean rivers such as the Rio
Grande, Gila, and Colorado (Benson and Darrow 1981). Western honey mesquite
(P. juliflora (Swartz) DC. var. torrevana L. Benson) is similarly distributed but is
also considerably more widespread in more xeric desert environments (Benson and
Darrow 1981). Kearney and Peebles (1960) appear to support this depiction. While
the classification of P. pubescens is ubiquitous, it appears that the more accepted
classification of western riparian honey mesquite is P. glandulosa var. torrevana
(Benson) M .C. Jtn. (Munz 1974, Burkart 1976, Burkart and Simpson 1977). The
morphological diversity of South American Prosopis species encompasses nearly all
o f the characters found in North American and Old World mesquites and, together
with their flavonoid chemistry, suggests a South American origin for the genus
(Burkart and Simpson 1977). A late Mesozoic-early Tertiary origination o f ancestral
Prosopis species combined with plate tectonic theory argues for a tropical African
origin (Burkart 1976), but the propagules of these species are not adapted to long
distance dispersal. Rather, Prosopis legumes with hard seeds which escape digestion
were dispersed endozoically through mammals and larger birds (Burkart 1976).
Brown and Gibson (1983) do not consider deserticolous Prosopis species true
vicariants, so a "stepping-stone" dispersal seems likely.
Although no pre-Pleistocene fossil evidence of Tamarix has been found, its
speciation center is thought to be in the vicinity of India (Baum 1978). Due to its
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recent anthropogenic arrival in North America, the distribution history of Tamarix in
the Southwest is well known relative to other woody riparian taxa. However,
sytematics within this genus are considerably less clear and are in need of further
study (W. Niles, pers. com.). Tamarix aphvlla (L.) Karsten, or athel, is a widelycultivated evergreen ornamental in North America, although it occassionally escapes
from cultivation (Benson and Darrow 1981). Because functional sterility apparently
results in this species rarely becoming a naturalized component of riparian plant
associations, this species will not be considered further here.
Baum (1967) noted the introduction of eight additional deciduous, thicketforming Tamarix species to the United States and Canada. Three species, T.
ramosissima Ledeb., T. chinensis Loureiro and T. parviflora D C ., are considered to
be naturalized along streams or other wet areas in the western deserts o f North
America (Benson and Darrow 1981). The species T. pentandra (e.g. Kearney and
Peebles 1960) is considered a nomen illegitimum, and should not be used in place of
either T. chinensis or T. ramosissima (Baum 1978). Several Tamarix species are
thought to be very rare or limited in their naturalized distributions (Baum 1967).
For example, T. chinensis is considered "frequent" and T. ramosissima "present" in
the deserts of California, T. parviflora is thought to be common in California and
Arizona, and T. chinensis is thought to be common from Arizona to Texas although
it appears that the more halophilous T. ramosissima has become naturalized to a
much greater extent (Baum 1967). Thus, it appears that most low elevation desert
floodplain habitats are dominated by the latter species. Examination of herbarium
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specimens from sites along the lower Colorado and Bill Williams River drainages
utilized in this study has confirmed this finding (W. Niles f. B. Baum).
Although desert floristic associations have been widely investigated, there is
little written on the floristics of riparian plant communities per se. Nonetheless,
factors of biogeographic importance operating to influence the floristics of
surrounding zonal plant communities have also undoubtedly affected the riparian
zone as well. Where Gleason (1926) argued against the existence of recurring
associations of species, others (McLaughlin 1986) have contended that this is at least
partly a matter of scale. Thus, there are few who fail to recognize the distinctive
vegetative composition of the major North American deserts. Low elevation desert
riparian plant associations are referred to by various terminologies. One widely
accepted classification places these associations in Mesquite and CottonwoodWillow series of the Sonoran Riparian and Oasis Forest community, a component of
the Tropical-Subtropical climatic zone; this zone, in turn, is subclassified under the
Nearctic Wetland Forest Formation (Brown et al. 1979).
Van Devender (1986) has theorized that modem plant associations are only
ephemeral modifications of late Miocene communities. The simplified division of
North American Tertiary flora into three components is instructive. The ArctoTertiary geoflora was dominated by deciduous trees (e.g. the Salicaceae) and was
widespread across northern North America and Eurasia, while the Madro-Tertiary
geoflora, which evolved under increasing aridity from a Neotropical-Tertiary
geoflora, was dominated by xeromorphic shrubs and was adapted to the drier and
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warmer conditions of the southwestern United States and northern Mexico (Axelrod
1958). It is thought likely that the modern warm desert flora of the southwestern
U.S. developed primarily from this Madro-Tertiary geoflora. However, western
cold deserts of the Great Basin have numerous Arcto-Tertiary genera represented
(Cronquist 1978). Although species rarity and endemism are characteristic of
southwestern floras, trees, which constitute only 14.2% of the total flora, have the
widest average distribution throughout the region (McLaughlin 1986). In arid
landscapes much of the tree component is contributed by riparian and wash
communities that are dominated by woody taxa.
Correlation of moisture and temperature relations with elevation in the
Intermountain Region results in a progressively more northern element in the flora
with increasing elevation (Cronquist 1978). Based on their presumed northern
origins, this elevational pattern would be contradicted by the distribution of species
o f the Salicaceae in low elevation riparian situations, an aberration that clearly
points to moisture availability as a distribution-governing mechanism of riparian
taxa. This relationship with northern elements contrasts with the presumed
southwestern affinities of the Mojavean, Colorado, Arizona and Chihuahuan Deserts
which comprise the Mexican Desert Flora (Benson and Darrow 1981). However, on
the whole, the flora of the Southwest should be considered relatively poor in such
widespread affinities (McLaughlin 1986).
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SOUTHWESTERN PALEOECOLOGY AND RIPARIAN VEGETATION

Although little effort has been devoted to examination of the paleoecological
relationships of southwestern riparian communities, substantially more is known
about the surrounding xerophytic desert upland communities. Paleoclimates, which
ultimately determined plant community distributional boundaries, are often inferred
from plant materials, making discussion of historical plant geography and
climatology largely inseparable. Because most paleoclimatic evidence comes from
upland vegetation assemblages and not riparian associations, more independent
evaluations of the zonal climate affecting riparian plant communities are possible.
Numerous methods are available for paleoclimatological analysis of desert
regions. However, sedimentation in arid environments has been less continuous than
in more mesic regions, tending to obscure the record in riparian microenvironments
(Margaritz and Kaufman 1983). Much of the general information on Quaternary
climate comes from deep sea cores, the Greenland ice sheet, and pollen stratigraphic
sites. Examination of approximately the last 22,000 years in the warm deserts of
the Southwest is facilitated by Neotoma middens which have provided material for
the accurate radiocarbon dating of fossil plant assemblages from this now arid to
semiarid region (Van Devender and Spaulding 1979). Southwestern flora are likely
to have become distinct during the Miocene but conditions then are not thought to
have been as arid as now. Beginning in the early Tertiary there was a trend toward
a drier, more continental climate in the Intermountain Region, which culminated in
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the Middle Pliocene when the climate became cooler and moister once again
(Cronquist 1978). Traditionally, the Pleistocene is viewed as being comprised of
pluvial stages corresponding to this epoch’s glacials. During these stages, large
lakes occupied many of the basins of the Intermountain West; these lakes are
thought to have had extensive fluvial connections with one another (Smith 1978).
The disappearance of pluvial conditions since the Pleistocene has also led to the
extinction and presumed vicariant speciation of many plants living near water
sources (Brown and Gibson 1983). Even though three of the riparian tree genera
considered here utilize wind-dispersed seeds, the existence of such pluvial
interconnections may be important to explaining the changing distributions of these
taxa because of their absolute dependence on a continuous supply of fresh water for
germination and growth.
The relative contributions of temperature and precipitation to late Pleistocene
climate has been an area of some controversy. Based on analysis of the July 0°C
isotherm and relict cirques in heavily glaciated valleys, Brakenridge (1978) argued
for a 7-8°C colder but not significantly wetter full-glacial (27,000-13,000 y BP) in
comparison to present annual average climate. However, the argument for a
glaciopluvial Wisconsin climate is better supported by faunal assemblages suggesting
mild winters and cool summers with plant distributions accounted for by reduced
summer temperatures and increased winter precipitation (Van Devender and
Spaulding 1979). Wells (1979) presented evidence for paleoclimatic zonation with a
strong northwest-to-southeast trend of increasing summer monsoonal rain. This
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latitudinal pattern was steepened by increased pluvial precipitation over the
Southwest during the late Wisconsin glacial, as is revealed by the Neotoma midden
record showing greater vertical displacements of woodland species to the southeast
than would be expected on the basis of leaf morphology.
Paleobotanical analysis of climatic model predictions generated from
orbitally-induced changes in solar radiation intensity and glacial-interglacial climatic
cycles reveals two distinct pluvial regimes during the late Wisconsin and early
Holocene (Spaulding and Graumlich 1986). During the last full glacial pluvial
maximum (ca. 18,000 y B.P.) southward displacement of the Aleutian low-pressure
system and strengthened westerlies led to a winter precipitation regime. This
contrasts with the early Holocene, when meridional circulation transported maritime
tropical air into the desert interior producing increased temperatures and summer
rainfall.
Davis (1986) provided a pertinent analysis of how the temporal scale of such
climatic change affects forest community structure. Most tree taxa display long time
lags in responding to climatic change so that changes of only a decade or two will
not alter the structure of most forest communities. The many changes in
geographical distributions that occurred during the Quaternary suggest that
populations rarely evolve adaptations to climatic change but rather change their
geographical distributions. Thus, the Quaternary period is thought to have produced
large-scale displacements of temperate deciduous tree species from their modem
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ranges whereas Holocene changes have been relatively minor due to their short
duration.
Others findings support the hypothesis that modern differences in plant
species diversity are more likely a consequence o f contemporary climatic limits
rather than colonization time differences since the retreat of the ice sheets.
Silvertown (1985) shows that the gradient of decreasing taxonomic diversity of
European woody plants with increasing latitude actually steepened between 13,000
and 1,000 y BP. This contrasts with arguments for post-glacial speciation or range
expansion to the north. Similarly, contemporary North American tree species
richness patterns are explained most parsimoniously by historical productivity or
community energy use as indicated by evapotranspiration, and not to historical
factors such as glaciation and dispersal (Currie and Paquin 1987). While these
examples both apply to a regional geographic scale, change also operates at a more
local level. Although most southwestern plant distribution patterns do not provide
much evidence of migration, many examples of extensive migration are known,
especially for woody taxa (McLaughlin 1986).
The late-Quatemary vegetative chronology o f the Southwest has been
described in some detail (Van Devender and Spaulding 1979, Spaulding et al. 1983).
Neotoma middens provide evidence for a historical restructuring of southwestern
vegetation zones into what have been termed "anomalous" communities, using
present plant associations as a reference. Similarly, they also provide evidence of
the individualistic nature of plant community change. During the late Wisconsin
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glacial maximum (22,000-11,000 yBP), pinyon-juniper (Pinus monophvlla-Juniperus
osteosperma) woodlands were common at elevations of 550-1525 m in the Mojave
and Colorado Deserts, where desert scrub is typical today. Below about 1800 m
elevation and south of about 37°N latitude this open-structured pygmy woodland also
included xerophytic shrubs and succulents. Between about 12,000 and 8,000 y BP
there was a transition in some areas with a replacement of Pinus by more xerophytic
Juniperus or Juniperus-Ouercus woodlands at these elevations. The end of these
early Holocene woodlands in presently warm deserts appears to have been a
widespread, synchronous event about 8,000 y BP. By this time, however, the
Larrea tridentata-A mbrosia dumosa association typical of present-day low elevation
deserts was already well-developed below 300 m at sites bordering the lower
Colorado and lower Gila Rivers. Acacia greggii, formerly found on rocky slopes,
became more restricted to Sonoran and Mojave Desert washes. Cercidium sp. and
Olneva tesota apparently moved into what is now the southwestern United States
from the head of the Gulf of California at this time.
Similar temporal dynamics may be inferred from Chihuahuan Desert middens
which show the reappearance of Prosopis during the late Wisconsin and subsequent
decline in abundance during the Holocene (Van Devender 1986). The importance of
endozoic dispersal to Prosopis is reemphasized by consideration of the apparent
impacts of extinction of large herbivores at the end of the Pleistocene. Such plants,
freed from herbivory by large mammals and deprived o f a major portion of their
seed disperser coteries, became scarce until the situation was reversed by livestock
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introduction (Janzen 1986). Thus, disparate effects on Quaternary dispersal of
Prosopis and the Salicaceae are indicated.
Paleoecological research has centered on plant macrofossil evidence from
upland plant associations. Paleoecologists are only now beginning to examine
remains from the vicinity of past riparian settings (W. Spaulding, pers. com.). Most
of what is known of riparian distribution during the Quaternary comes from small
amounts of wind-dispersed pollen. The presence of pollen of Populus and Salix
from Pleistocene midden sites in the mountains along the lower Colorado River
provide evidence for these species presence in nearby valleys during this time (King
and Van Devender 1977). Similar data show the movement of Populus into the San
Francisco Bay area, evidence for a warmer drier postglacial Xerothermic during the
Holocene (Axelrod 1981).
The biogeographic patterns which emerge in the above analysis are generally
supported by others who have attempted to explain the evolution of southwestern
riparian communities (Lowe and Brown 1982, Ohmart and Anderson 1982,
Reichenbacher 1984). It is apparent that the dominant native trees of low-elevation
southwestern riparian corridors (i.e. Populus and Salix) are representatives of the
former Arcto-Tertiary geoflora. Populations of large winter-deciduous trees of the
dominant gallery forest stratum appear to have been conspecific taxa throughout the
Southwest prior to the fragmentation of the northern temperate mesophytic forests
during the middle to late Tertiary. Although the timing of their arrival is not nearly
as clear as that for those plant species which are well-represented in the fossil
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midden record, it is clear that their distribution had expanded into the Southwest
prior to the Pleistocene epoch (Dorn 1976, Eckenwalder 1977). Thus, when
considering the biogeography of riparian ecosystems, the inferred expansion and
contraction of the range of riparian species during the Quaternary should not be
overlooked.
It is likely that a vicariance hypothesis would explain the distribution o f the
Salicaceae in the Southwest. Although patterns of speciation are not clear, Populus
and Salix shared a broad Arcto-Tertiary range. These genera also appear to show
evidence of co-occurrence prior to the fragmentation of temperate mesophytic forests
during late Tertiary time. Riparian associations are presumed to have formed by the
mid-Pliocene when cooler and wetter climates came to predominate. Isolation
events throughout the Tertiary presumably resulted in the extant taxa by the
Pleistocene.
Contrasting with the Salicaceae, Prosopis shows evidence for a MadroTertiary origin. As such, riparian Prosopis shows historical affinities more typical
of the xerophytes of the surrounding deserts. It appears likely that Prosopis species
altered their ranges in a manner similar to members of the genus Acacia during the
Quaternary. During this time, the latter genus went from a more widespread
distribution on bajada surfaces to a more restricted xeroriparian distribution.
Prosopis is found even today in relatively xeric upland settings, although it is
evidently phreatophytic near the western edge of its range in North America. It may
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have undergone range constriction and limitation to the terraces bordering the
riparian zone during Holocene drying.
Quaternary change explains the existence of what has become, at least
partially, a relict riparian vegetative community. However, the mechanisms causing
this change remain obscure. Southwestern alluvial forest associations contrast with a
theoretical pattern of increasing representation of northern elements with elevation.
However, because moisture can explain this pattern and because riparian ecosystems
represent conduits for water from higher to lower elevations, this exception is not
improbable. Evidence for an augmented monsoon during the late Pleistocene would
lead to a prediction of greater change for riparian communities at more southeastern
extremes of the Southwest deserts accompanying Holocene drying. Although
Colorado Desert communities have changed dramatically, separating anthropogenic
alterations from those arising in response to paleoclimatic change is problematic.
There is evidence that these trends are ongoing. Continued decline o f what have
become relict low elevation desert riparian woodlands (Lowe and Brown 1982) may
be due, in part, to continued climatic change. Of course, human developments have
accelerated and altered this process. Also affecting this process has been the
introduction o f Tam arix. a topic which will be more fully discussed below.
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DYNAMICS OF THE TAMARIX INVASION

Among several well-documented plant invasions in western North American
ecosystems (Mack 1986, Mooney et al. 1986), one of the most severe has been that
of phreatophytes along the arid region’s perennial and intermittent water courses
(Loope et al. 1988). Severity of an invasion can be marked by the alteration of
whole ecosystem properties by the invading species. Tamarix is thought to gain
access to resources that native species cannot exploit and utilizes those resources
more efficiently than natives (Vitousek 1986, 1990). In certain cases, anthropogenic
influences on alluvial ecosystems may have facilitated Tamarix invasion. Since the
beginning of the twentieth century, human effect on the rivers of the Southwest has
been profound. Agriculture and water project development have fundamentally
altered the geomorphic and hydrological conditions conducive to native woody
riparian plant taxa. Tamarix was introduced to North America in the 1800’s, but
invasion of southwestern riparian systems appears to be largely a twentieth century
phenomenon. The rapidity of the Tamarix invasion is illustrated by the
concentration of its naturalization in the years 1935 to 1955 in Utah (Christensen
1962). Coincident with this biotic invasion was the decline of Populus-Salix
dominated communities on many southwestern rivers.
One of the primary reasons for the spread and establishment of plant species
has been simple introductions by humans for crops, gardens, or forestry (Elton
1958). Obviously, not all anthropogenic introductions result in invasions of native

communities. What determines whether an introduction becomes an invasion or not?
Demographic factors are undoubtedly important as are abiotic factors which
probably limit most invasions to climates similar to that of the invader (Diamond
and Case 1986). Baker (1986) suggested that successful plant invasions are likely to
be characterized by the following: 1) similar climate in source and reception areas,
2) similar life forms of vegetation in these areas, 3) soils which are also not
significantly different, 4) a generalized pollination system o f the invader (i.e. wind,
generalized insect, or self pollination), 5) seed dispersal which transports the
immigrant to the new area and also allows for dispersal within the new habitat, 6) an
invader breeding system which allows reproduction by seed and thus allows for
genetic recombination, and 7) the ability to also reproduce vegetatively which can
help in the invasion of communities where few of the native species reproduce
frequently by seed.
Certain communities are thought to be vulnerable to invasion because of
climatic stability (Swincer 1986). Communities that are adapted to withstand
endogenous disturbance may not survive human-induced exogenous disturbance (Fox
and Fox 1986). Colonizing species that depend on disturbance for establishment are
more likely to spread as isolated patches, whereas those species that do not require
disturbance spread more or less as an advancing front (Bazzaz 1986). Superficially,
the invasion of Tamarix also appears to have been via the spread of isolated patches,
as is predicted for disturbance-dependent colonizers, rather than along a broad front.
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Both waters and soils may be relatively high in salinity in southwestern
riparian systems. Salts are transferred to Tamarix leaf glands for excretion,
resulting in lower concentrations in roots and stems relative to leaves;
photosynthesis, carbon fixation, and transpirational water loss change little, although
growth decreases with increasing salt concentration, indicating that
photosynthetically-derived energy is devoted to increased respiration and/or salt
pumping (Kleinkopf and Wallace 1974). Consequently, Tamarix is able to thrive on
groundwater with total dissolved solids (TDS) concentrations equivalent to > 2,000
mg/1 (Van Hylckama 1970). While seedling survival and growth responses are
limited in Populus and Salix above a growth solution TDS of 1,500 mg/1, Tamarix is
tolerant of salinities exceeding 18,000 mg/1 (Jackson et al. 1990).
Grazing has pronounced negative effects on native riparian taxa (Szaro and
Pase 1983). Due to its salt-excreting mechanism, it is thought that Tamarix is not
palatable to livestock. Little is known about limitations imposed by natural
herbivory, disease, insect predation, etc. on native riparian plant species.
Phoradendron spp. (mistletoe) commonly parasitize senescent Populus and Prosopis.
but not Tamarix. In New Mexico, only a few mostly transient polyphagous insect
forms were found on Tamarix and there was little damage to this species from native
bacterial, fungal, or viral pathogens (Watts et al. 1977). Thus, Tamarix may lack
control mechanisms which limit growth in other riparian woody taxa.
Mean germination percentage of Populus and Salix seed is reduced at 50
mE/1 (ca. 3,000 mg/1) NaCl and is < 10% at 300 mE/1 (ca. 17,550 mg/1) NaCl,
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whereas Prosopis germination remains > 60% at this higher salinity level (Brock
and Siegel 1990). Other factors that may contribute to germination success include
duration of flowering and longevity of seeds. Seed viability is very low in Populus
after 20 weeks and in Salix after 12 weeks (Brock and Siegel 1990). Prosopis
glandulosa seed is known to have longevities of up to several years (Tschirley and
Martin 1960) but requires scarification to germinate. Tamarix produces short-lived
seeds but it is also known to be a prolific seed producer (Everitt 1980, Stevens and
Waring 1985) with an extended annual period of seed production (5 months or
more) that substantially exceeds that of Populus and Salix (Warren and Turner 1975,
Horton 1977). Anthropogenically altered stream discharges often result in a
reduction of runoff peaks with more even flows over a longer period of time. This
appears to favor the phenology of Tamarix seed production. Simulations o f tree
species invasions show that colonization is more rapid when invader seed supply is
high, but that the invader-dominated endpoint is the same in all cases (Johnson et al.
1981). Thus, broad physiological tolerances and plasticity in vegetative and seed
propagation factors may provide a substantial invasive advantage to Tamarix.
The well-defined sequence of high spring runoff and flooding which leads to
the establishment of southwestern riparian gallery forests (Brady et al. 1985) has
been irrevocably altered on many drainages. It has been suggested that Tamarix
evolved a "general purpose genotype" that contributes to its success as a vigorous
and troublesome weed (Brotherson and Winkel 1986). Tamarix is evidently tolerant
o f a wider range of conditions than Populus. Salix. and, possibly, Prosopis. Despite
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this, Tamarix has not extended its range to dominate all southwestern riparian
systems, although it has become a presence on most. Certain drainages, such as the
Bill Williams River-Lake Havasu confluence in western Arizona, present exceptions
to the rule of Tamarix dominance on low elevation river systems in the Southwest
(Hunter et al. 1987).
Like many other successfully naturalized weeds in North America, the
previous distribution of Tamarix was predominantly Eurasian. Similarities in Old
and New World habitats are likely to be one factor which has contributed to this
biotic invasion. In view of the modifications that have occurred on most western
North American rivers, specifying how these ecosystems now might duplicate
Eurasian lotic systems with respect to resources for riparian plants seems difficult.
An hypothesis emphasizing the importance of climatic certainty in the invaded
landscape would seem to fit, particularly given the lack of flooding on regulated
streams. Although floodplains like those of the lower Colorado River are now
subject to different hydrologic regimes, other species (e.g. Prosopisl are also
adapted to survive lowered water tables and high salinities. The production of
abundant wind-dispersed seed over a prolonged reproductive season by Tamarix may
explain its presumed edge over Prosopis as a colonizer of environments where Salix
and Populus can no longer survive. Although the latter two species do reproduce
vegetatively, apomictic reproduction by Tamarix may also provide a superior
response mechanism for a new suite of disturbances.
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DISTURBANCE AND PLANT INTERACTIONS IN
RIPARIAN COMMUNITIES

Traditional ecological theory stressing competition and niche relationships
has, in recent years, been transcended somewhat by consideration of the roles of
stochastic processes and nonequilibrium conditions in the regulation of plant species
richness (Auerbach and Shmida 1987). The theme of disturbance in plant
community structure has largely supplanted more rigid theory (e.g. Clements 1936)
relating to succession and climax. In the absence of pronounced geomorphic change
(e.g. Ohmart and Anderson 1982), the first colonizers of recently-disturbed
floodplain landscapes of the Southwest tend to be the same taxa that comprise
subsequent and more stable phases. Change in these communities is largely
structural or demographic, and does not involve species turnover in the sense
depicted by classical autogenic succession theory. Paradigms such as the
regeneration niche (Grubb 1977), mosaic phenomena (Whittaker and Levin 1977),
and patch dynamics (White and Pickett 1985) are clearly pertinent to riparian
community function. P.S. White’s (1979) analysis of pattern and process in natural
vegetation is particularly applicable. According to this analysis, competitive
replacement in succession occurs when disturbance ceases to operate. Because most
forms o f natural disturbance appear to be endogenous, the cessation of disturbance is
not a likely occurrence. However, human peturbations occur over periods that are
much shorter than evolutionary time scales and would, therefore, seem most likely
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to generate the types of competitive interaction which have been hypothesized to
follow the cessation of disturbance.
Native riparian plant taxa are apparently well-adapted to natural forms of
exogenous disturbance. Flooding of alluvial floodplains is a common event and has
undoubtedly been a strong selective force in the evolution of riparian plant species.
Dams, water diversions, and river channelization have altered the frequency, timing,
and extent of flooding in many Southwestern alluvial ecosystems. Water resource
development has also altered groundwater regimes, but such effects remain largely
unquantified. As a result of water impoundment, diversion, and flood control
activities, stability with respect to floodplain inundation has increased. The results
of this sort of perturbation may be different depending on the biogeographic context
within which they occur. Regulated flows on the Platte River have caused
floodplain Salix and Populus to proliferate (Williams 1978). In contrast,
groundwater declines during the 1930’s drought years led to mortalities of these taxa
in riparian settings in Kansas and Nebraska (Albertson and Weaver 1945).
The establishment and development of southwestern riparian gallery forests is
dependent on light to moderate flooding which favors the deposition of nutrient-rich
sediments and increases soil moisture (Brady et al. 1985). Populus. Salix. and
Tamarix are all considered tolerant of inundation while Prosopis glandulosa is
substantially less so (Walters et al. 1980). Conversely, Prosopis is known to be
relatively drought-tolerant. Populus and Salix have been classified as "obligate"
phreatophytes whereas Tamarix is regarded as "facultative" with respect to its water
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requirements (Everitt 1980). Thus, although all of these species are moderately
hardy with respect to either flood or drought, Tamarix appears to combine the
greater range of stress adaptations.
It is likely that, even in communities thought to exist in close to an
equilibrium state, disturbance plays a key role in community organization. In
tropical forests, it has been hypothesized that disturbances occurring on an
intermediate time scale or with an intermediate severity tend to maximize diversity
(Connell 1978). Nonequilibrium coexistence through temporal and spatial patterns
of disturbance and succession, that is "patch dynamics," provides a better
explanation of plant community organization than does traditional equilibrium niche
theory (White and Pickett 1985). Community change following disturbance in
riparian habitats may follow an "inhibition" model wherein all species resist
invasions of competitors but replacements of one species by another are favored
(Connell and Slatyer 1977). If Tamarix possesses a greater niche breadth than
native riparian species with respect to colonization of sites with extremes in either
water availability or salinity, its success following disturbance may be favored.
Deep roots and wide salinity tolerance consequently lend support to the hypothesis
that Tamarix is more efficient at utilizing limiting resources within riparian
ecosystems.
There is also support for a preemptive occupation of sites by Tamarix. It is
likely that most woody species, especially in unproductive habitats, are
stress-tolerant competitors in the established phase; such characteristics correspond
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best with regenerative strategies emphasizing vegetative expansion in relatively
undisturbed habitats (Grime 1979). Alterations in disturbance type and frequency
appear to have favored the regenerative strategy of Tamarix over that of native
riparian species. However, Grimes’ (1979) regenerative strategies emphasize
propagule or offspring abundance and do not consider temporal factors (i.e.
flowering phenology) that seem to be of substantial importance in southwestern
riparian systems. Tamarix is well-adapted to benefit from human perturbation via
prolific seed production and extended flowering period. Tamarix also develops
adventitious roots from stems and thus recolonizes areas rapidly after burning or
cutting (Horton 1977). Although Populus and Salix are similarly-adapted, Tamarix
seems to be the beneficiary of the perturbation of hydrologic cycles and the genesis
of new forms of endogenous disturbance. Specifically, deciduous Tamarix leaf litter
accumulation contributes to episodic fire and rapid recolonization or spread of this
species (Ohmart et al. 1977).
Competitive mechanisms are traditionally classified as either exploitation- or
interference-based. Although natural selection in sessile organisms has produced
interference mechanisms (Case and Gilpin 1974), exploitative mechanisms are more
common in plants. Examination of Schoener’s (1983) taxonomy reveals at least 4
possible competitive types applicable to southwestern riparian plants: consumptive,
preemptive, overgrowth, and chemical. The latter type is a subclass o f interference
competition and may have some relevance to salt concentration in soils beneath
Tamarix thickets. However, it is more probable that salt exudation is a simple
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physiological adaptation and not an allelopathic interference mechanism.
Overgrowth mechanisms relate primarily to light-deprivation in plants (Schoener
1983), but all dominant woody riparian taxa appear to be relatively shade intolerant.
It is possible that Tamarix is prevented from encroachment by shade intolerance on
drainages where native gallery forests have not been subjected to perturbation. In
perturbed alluvial ecosystems it seems likely that Tamarix employs consumptive
mechanisms that deprive other riparian species of resources, or preemptive
mechanisms that deprive other species of requisite space.
Hierarchies in competitive ability have been reported from plant communities
where species are limited by and competing for the same resources (Miller and
Werner 1987). Inhibition or resistance of earlier colonists to invasion by later
colonists (Dean and Hurd 1980) would have special importance in a forest
community type where shade tolerance, and therefore classical forest succession, is
not a major factor. Under an inhibition model, the first occupants preempt space
and exclude or inhibit later colonists. If this process is not interrupted by
disturbance, a pattern of smaller changes will determine whether individuals are
more likely to be replaced by a member of their own or another species (Connell
and Slatyer 1977). Although plants that do not germinate quickly in response to
favorable conditions may be subjected to greater stress than competitors that do
respond immediately (Inouye 1980), species with intermediate propagule production
and dispersal characteristics may have the highest colonization rates (Platt 1975).
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Tilman’s (1985) resource ratio hypothesis predicts successional replacement
o f one dominant plant species by another for positively or negatively correlated
changing resource supplies in cases where the supply rate of one resource remains
constant. Space may be considered an essential resource (Tilman 1980). Efficiency
o f seed dispersal and vegetative reproduction are ways of expressing competition
that relate strongly to this resource.

Another potentially limiting resource in

southwestern riparian associations is water. Declining groundwater levels resulting
from water project development may have altered the availability o f this resource
substantially. It is not likely that one resource limits any of the riparian taxa
evaluated here. Consideration of simple 2-resource relationships explain competition
only slightly better even though it does lead to evaluation of higher levels of
complexity. Investigation of the effects of water in combination with positively
correlated resources such as space, or a resource which may be negatively correlated
such as salinity, are timely. Inevitably, a maze of presumably intercorrelated
variables for such resources make formulation of specific tests difficult. Maturation
o f riparian vegetation associations results in reduction of space and possibly water,
two seemingly positively correlated resources. An altered supply point for these
resources based on changes in water supply could be used to predict the local
extinction of species most dependent on this resource, in this case, Salix and
Populus.
Plants populations may rarely reach densities where resource competition
becomes important because physical extremes or predation eliminates or supresses
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them in young stages. Occasional escape from hazards may result in large
individuals in dominant year classes which may suppress smaller individuals
(Connell 1975). Persistence of native woody taxa despite the success o f Tamarix
invasion on the Colorado River floodplain may be the result of such situations. If
competition is localized, refuges may allow species to persist despite high niche
overlap and interspecific competition (Shmida and Ellner 1985). Although the Bill
Williams River is dam-regulated, the river has not been as intensively perturbed as
the Colorado River to which it is a tributary. It may thus act as a refuge by
retaining hydrologic characteristics which are more conducive to the continued
growth o f native riparian woody taxa.
While it may be unwise to regard positive response to the removal of
neighboring plants as unequivocal evidence of competitive suppression (Campbell et
al. 1991), experimental studies of interactions in sessile organisms have typically
involved removal or transplantation of neighboring individuals (e.g. Fonteyn and
Mahall 1978, Eissenstat and Caldwell 1988). Clearly, the ultimate effects of
competition are manifested through demographic mechanisms, but those changes
occurring immediately following removal are of value in demonstrating belowground
competition in plants (Caldwell 1988). Thus, such research has come to include the
use o f plant water status in conjunction with clearing or thinning as a means of
measuring competitive status in phreatophytic shrubs and forest trees (Manning and
Barbour 1988, Pothier and Margolis 1990). Experiments such as these provide
evidence suggesting that plants compete with one another in intact communities, but
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it is considerably more difficult to specify which dimensions of niche hypervolume
contribute to their interference due to complex intercorrelations among features
potentially conferring superiority (Harper 1977, Fitter and Hay 1987, Swank and
Oechel 1991). Accordingly, changes in water status in competition experiments are
not unequivocal indications of competition for, or limitations in, water as a plant
resource. Nonetheless, it is far from coincidental that riparian vegetation
manipulations conducted to conserve water (e.g. Weeks et al. 1987) may be
methodologically similar to such experiments.
In spite of the existence of putative new competitive relationships which have
come with anthropogenic change and Tamarix invasion, riparian community
conversion has not been immediate nor has it been complete. Although native
woody taxa have been affected by perturbation factors, they still can be found to
dominate certain southwestern riparian microsites in a presumed relict distribution.
While certain species appear to have been markedly reduced from former
distributions along the Colorado River and its immediate tributaries, other taxa (e.g.
Prosopis glandulosa! appear to have been less strongly affected by anthropogenic
change. Vegetational dynamics in eastern North American forests during the
Quaternary provide evidence for individualistic responses to variations in climate
(Davis 1986, Webb 1987). This may help to explain the apparent greater
persistence of Salix versus Populus in alluvial forest communities. Relatively longlived forest trees are able to persist in environments which may not be suitable for
ecesis. Mortality may require complex sequences of sub-lethal events during the
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later parts of the life cycle, while asexual reproduction allows individuals to persist
in areas where they may be effectively uncoupled from mortality factors which tend
to act during more sensitive early stages (Neilson 1986).
Based on their community dominance and sympatric floodplain distributions,
niche overlap appears most intense among 3 riparian taxa: Tamarix. Populus. and
Salix. Relative to these taxa, allopatric distribution of Prosopis glandulosa within
riparian ecosystems suggests less niche overlap with the latter 2 species. The fact
that Prosopis differs with respect to flood and drought tolerance, salinity tolerance,
and ratio of investment in reproduction versus growth, would lead one to predict that
Prosopis would not be outcompeted by Tamarix on suitable sites. Such a prediction
holds true in that native Prosopis stands typically are not undergoing the sort of
invasion by Tamarix that characterizes more mesic sites.
River modifications have reduced the frequency of flooding and may have
caused groundwater declines, thereby creating the equivalent of the old higher
terraces where Prosopis glandulosa occurs naturally in the lower floodplain. If this
is true, why is Prosopis not a better colonizer of such riparian sites? In fact it has
been found that Prosopis does grow vigorously on such sites when grown from seed
or, especially, when planted as seedlings. However, the probability of Prosopis
germination on disturbed sites is reduced because of a preemptive (Schoener 1983)
or inhibitory (Dean and Hurd 1980) competitive influence from Tamarix. Since
Prosopis growth requirements may actually be consistent with man-altered
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environments in many riparian situations, it would be advantageous to study further
what competitive interactions apply.

RATIONALE FOR AN ECOPHYSIOLOGICAL
RESEARCH APPROACH

Riparian plant ecology studies have typically relied on community structural
data to provide a quantitative index of the response of plants to environmental
variables. Although floodplain vegetation ecology has been investigated along
several southwestern rivers, research on environmental stress response mechanisms
is still very limited. This research effort is an attempt to explain lower Colorado
River riparian community structure based on the ecophysiological responses of
component tree species to water and salinity stress. Ecophysiological analyses have
great potential for further quantifying vegetative response to environmental
parameters. The greatest promise for such methods comes from the ability to
explore the function of riparian plant communities in response to environmental
stress. It has become axiomatic that the growth of riparian vegetation along the
Lower Colorado River is limited by water and/or salt stress. Because of this,
mechanistic explanations of the function of southwestern riparian plant communities
should rely heavily on methods available to determine tree or shrub water status or
salinity tolerance.
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To a degree, the methods used to investigate the workings o f these two
related stresses on plants coincide. This is because salt stress is often
physiologically indistinguishable from water stress (Osmond et al. 1987). Higher
salt concentrations equate to lower osmotic potentials, producing what has been
termed "physiological drought" (Levitt 1980). Salt concentrations high enough to
lower water potential appreciably are referred to as salt stress whereas lower
concentrations are classified as inducing ion stress (Levitt 1980). Changes in
nutrient, water, carbon, or hormonal balances may integrate plant responses to
environmental stress, with such responses being critical at the interface between
ecophysiology and commmunity ecology (Chapin et al. 1987, Chapin 1991).
Accordingly, traditional approaches to the study of plant water relations (e.g. Hsiao
1973) must be scaled up from the individual to population, community, and regional
levels (Jarvis and McNaughton 1986). Similarly, conventional physiological
treatments of salinity or mineral relations (e.g. Greenway and Munns 1980,
Clarkson 1985) have been accompanied by approaches emphasizing nutrient stress
tolerance, nutrient-use efficiencies, and competitive strategies in natural plant
communities (Chapin 1980).
Inevitably, the question of what constitutes adequate temporal and spatial
scale arises in ecophysiological research destined for interpretations o f communitylevel phenomena. This question is made more intricate by the presence of an
additional level of complexity, the metapopulation (J. White 1979) for the dominant,
clonal woody taxa in low-elevation southwestern riparian communities. Modeling
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approaches (Huston and Smith 1987) note that the appropriate functional unit for
understanding forest species replacements is the individual tree. Likewise, emphasis
on mechanistic studies of the responses of individual plants to multiple
environmental stresses and studies of the responses of species mixtures to variation
in the environment have been advocated for understanding community and ecosystem
level phenomena (Chapin et al. 1987). Understory seedling and sapling water
relations measurements made on relatively few individuals can effectively highlight
interspecific differences important to the structure of mature communities (Abrams
1988). Consequently, it is apparent that ecophysiological research based on
individuals can extend beyond autecology to make inferences relative to community
and ecosystem dynamics.
The interactions of various stresses must also be accounted for. Although
physiological measurements are valuable in evaluating water relations of riparian
trees, morphological adaptations of leaves to water stress (Begg 1980) are also of
importance. Satisfactory methods for monitoring plant water status exhibit good
correlation between the rates of physiological processes and degree of water stress,
have similar physiological significance at a given degree of water stress in a range
of plant materials, use units that are applicable to plant material, soil and solutions,
are simple, rapid and inexpensive, and require a small amount of plant material for
measurement Kramer (1983). There are two fundamental types o f measurements of
plant water status that may be made: those of total plant water content and measures
of the force with which water is held by the plant (Bannister 1986). The latter class
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o f measurement, stated in terms of water potential, is widely favored because of its
utility in explaining the energy status of water in the soil-plant-atmosphere
continuum and because this, in turn, explains the movement o f water along gradients
o f decreasing physicochemical potential. The measurement of water potential is
consistent with the criteria of Kramer (1983) listed above. However, despite its
wide acceptance, reliance on values of water potential should only be undertaken
with caution because various adaptations could markedly influence the level of water
potential at which water stress develops (Hsiao 1973). Nonetheless, water potential
is the single most useful measure of the degree of water stress (Kramer 1983).
Among the variety of responses of plants to water stress (Hsiao 1973), there
are several that are useful in an investigation of woody phreatophyte function viewed
in an ecological context. Among these, stomatal response plays a key role while
others, such as transpiration, degree of wilting, leaf temperature, cavitation and
embolism (e.g. Tyree and Dixon 1986), and carbon assimilation are either difficult
to determine or are approximated by measurement of stomatal aperture.
Transpiration is a function of stomatal conductance and vapor pressure deficit, and
can be calculated from these two measures (Bannister 1986). In a comparison of
eight crop water stress methods, it was shown that leaf gas exchange measurements
correlated well with leaf water potential (O’Toole et al. 1984). However, stomatal
conductance and leaf water potential are often difficult to correlate because of the
multiple environmental variables which affect stomatal function (Jarvis 1974).
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Phreatophytes are thought to have moderate photosynthetic capacities and
moderate stomatal control of water loss, and by maintaining foliar biomass through
dry periods, are probably able to maintain productivity at the expense of water use
efficiency (Smith and Nobel 1986). The adoption of such "water-spending"
behavior means that phreatophytic riparian taxa may not possess strong adaptive
responses to water stress. Nonetheless, where evidence for deleterious salinity or
water stress effects are clear, it may be inappropriate to depict riparian taxa as
uniform in their physiological responses.
In the case of carbon assimilation, although stomatal processes may
dominate, this does not rule out possible nonstomatal effects (Hsiao 1973). Bunce
(1977) showed that mesophyll resistance may provide an additional nonstomatal
control on C 0 2 uptake at low water potential in a variety of woody species, which
included two riparian trees. Briggs et al. (1986) have also demonstrated nonstomatal
limitation of COz assimilation in three tree species under natural drought conditions.
Mesophytes may show a degree o f drought avoidance in that more drought-adapted
tree species often close their stomata at higher leaf water potentials (Levitt 1980).
Thus, measurements of stomatal aperture, including interpretations of diffusion
resistance or conductance are not absolute indicators of water stress. Applying
results o f leaf tissue stable carbon isotope analyses provides an integrative technique
for estimating relative differences in water use efficiency between species or sites
(Farquhar et al. 1989a, 1989b). When paired with measurements of leaf stomatal

40
conductance, carbon isotope analyses can provide an indication o f potential stomatal
versus nonstomatal limitations to photosynthesis.

MAJOR HYPOTHESES FOR A RIPARIAN
ECOPHYSIOLOGY STUDY

The purpose of this research is to describe the environmental stress
physiology of the dominant woody taxa of the lower Colorado River region in an
analysis of riparian plant community structure. Such research will be helpful in
answering many of the questions which are currently of concern to resource
managers. Examples of such questions include: How do stream flow regimes,
groundwater depth and soil moisture interrelate with riparian tree species growth
requirements to structure floodplain communities? What effect do soil and water
salinities have on these species? Can physiological methodologies be employed in
the field to provide further insight into the effects of water or salinity stress? What
sort o f ecophysiological differences are evident between associations characterized
by vigorous growth of native species and senescent stands which may be subjected
to Tamarix encroachment? What are the relative importances of phreatic versus
surface roots in the uptake of water by riparian trees? How do reductions in shoot
biomass resulting from clearing or fire affect water relations in stands of floodplain
vegetation?

41
While specific study goals, hypotheses, and methods are described in the
following chapters, the present research was designed to address three fundamental
hypotheses based on the information needs implicit in the literature reviewed above.
These hypotheses and functional approaches may be arrayed along methodological
lines. Data collection for this research followed this organization because common
techniques were used in the three basic lines o f inquiry which the following chapters
represent. For example, the effects of salinity and water stress are likely to be
intercorrelated so that, in ecological studies, separate treatments of these factors
would be questionable. Chapter II is the most comprehensive portion of this study,
dealing with competitive interaction, decline, and persistence of woody taxa in
alluvial forest and scrub communities. The question of water absorption and
clarification of the phreatophytic life history as it applies to three riparian taxa is
treated in Chapter III. In Chapter IV, a novel form of disturbance in southwestern
riparian ecosystems, that from fire, is addressed. The general null hypotheses and
some o f the methodologies employed in the following chapters are summarized
below:

HI: Groundwater depth and water table fluctuations have no effect on
dominant woody riparian plant species function or community structure.

Tracing water from potential sources to free water in plant tissues using
stable isotopes of oxygen and hydrogen helped to determine, on a seasonal basis, the
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nature o f phreatophytic water uptake. This is the principal question addressed in
Chapter III.
Stream hydrographic records and groundwater depth information from
piezometers installed on study sites were used to determine seasonal and daily water
table fluctuations of potential importance to riparian plant water uptake. These data
are used in all three of the following chapters to describe study area physical settings
and in correlations with biotic parameters.
Soil moisture percentages recorded via time domain reflectometry provided
indications of the availability of water to plants in the near subsurface. Data coming
from this technique were integrated into the following chapters in a manner similar
to hydrologic data.
Predawn and midday water potentials in individuals from sites with depressed
water tables were compared to those from unperturbed sites as a measure of root
zone and/or atmospheric moisture stress. Again, all three chapters employ the
concept o f water potential as a fundamental measurement for water stress and also
use this parameter in correlations with physical and other physiological data.
Laboratory pressure-volume analysis performed seasonally on locally
obtained plant cuttings produced a comparison standard for determining relative
degrees o f stress indicated by water potential in plants on study sites. These data
are presented in Chapter II and employed in both interspecific comparisons of
possible osmotic adjustment or tissue elasticity and in contrasts of study sites.
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Leaf stomatal conductance data collected over diurnal cycles on a seasonal
basis allowed interspecific and between-site intraspecific comparisons of leaf gaseous
diffusion under varying levels of water stress at study sites. The degree o f stomatal
opening is a consideration in water and salinity stress response discussions in each of
the following three chapters.
Comparison of the slopes of water potential:transpiration regressions yielded
another indicator of the effects of water stress on plant function in terms of
hydraulic efficiency of water conduction systems. This analysis was utilized in
Chapter IV to make interspecific comparisons of fire recovery mechanisms.
Determination of leaf specific area, annual stem elongation, intemodal
distance, etc. were directed toward an analysis of the degree to which presumably
suboptimal xeromorphic characteristics are exhibited at sites where plants are
stressed. Between site morphological comparisons are used in evaluating water and
salinity stress (Chapter II), as well as in evaluations of response to fire (Chapter
IV).
An ordination of plant taxon presence/absence quadrat data was performed to
provide a basis for comparison of vegetative composition with site physical and
physiological parameters. Ordinations derived via detrended correspondence
analysis are used to describe the structure of Bill Williams and lower Colorado
River riparian vegetation communities in Chapter II.
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H2: Salinities in the root zone have no effect on the function of
dominant tree/shrub taxa making up riparian communities.

Analysis of soil and groundwater chemistry in samples taken from study sites
gave a basis for comparison of rhizosphere salinity. This is central to site
comparisons in Chapter II, and to evaluations of the effects of fire on soil elements
in Chapter IV.
Water potential data from individuals at sites varying in the degree of
perturbation, and presumably salinity as well, were compared to evaluate the effects
of habitat salinization on plant stress. Again, Chapters II and IV employ water
potential in drought stress evaluations.
Laboratory-based pressure-volume analysis results provided reference
parameters relevant to the effects of salinity on the taxa being studied (e.g. osmotic
pressure at zero turgor and bulk modulus of elasticity) for interspecific site-by-site
comparisons of water potential data. Chapter II includes an evaluation of the
significance of pressure-volume data to survival and growth of the principal taxa
investigated.
Analysis of leaf tissues obtained from individuals on study sites provided a
relative indicator of uptake and transport to the shoot of potentially-deleterious
cations, anions, or trace elements. This is considered in the context of salinity and
toxicity, and how fire in riparian communities affects these aspects, in Chapters II
and IV.
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H3: Disturbance by fire and biotic competition among Tamarix and
native woody phreatophytes have no effect on the function and structure
of riparian plant communities

Deposition due to ash production in fires or salt exudation and leaf drop in
Tamarix were investigated through examination of temporal and spatial variation in
soil chemistry on study sites. This analysis is presented in Chapter IV.
Soil water content was compared among burned, cleared and control stands
to evaluate the response of individuals to soil moisture near the soil surface.
Appraisal of disturbance from fire (Chapter IV) and competition experiments
(Chapter II) consider change to volumetric soil moisture percentage.
Physiological and morphological parameters were recorded in Salix thickets
from which surrounding Tamarix had been removed and were compared to data
from uncleared control Salix thickets to document the existence of competition for
water. The results of this experiment are presented in Chapter II.
Plant predawn and midday water potentials are compared among sites and
with data developed using the pressure-volume technique to evaluate the effects of
possible water deficits stemming from competitive interactions or fire in Chapters II
and IV, respectively.
Stomatal conductance and transpiration data were used to evaluate the
physiological effects of water stress or release from stress in plants on bunted,
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cleared and control sites. These results are also an integral part of both Chapters II
and IV.
Shoot morphologies were investigated to see if there is evidence for enhanced
or reduced growth among plants coming from these same sites in Chapters n and
IV.
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CHAPTER H

MECHANISMS ASSOCIATED WITH DECLINE, PERSISTENCE,
AND COMPETITION OF DOMINANT WOODY TAXA IN
SOUTHWESTERN RIPARIAN ECOSYSTEMS

INTRODUCTION

In spite of a highly xeric surrounding environment, the deciduous woody taxa
dominating low elevation alluvial forest associations of the southwestern U.S. have
their closest phylogenetic relationships with taxa dominant in montane and mesic
forest communities in less arid portions of North America. This is not an indication
that the biotic and abiotic processes acting to structure forest communities in these
two regions are uniform, however. Southwestern riparian communities clearly owe
their existence to the mesic microenvironments which are created along transitions
between riverine and terrestrial ecosystems. Mountainous Basin and Range
topography over most of the Southwest ensures that floodplain gradients are typically
pronounced, leading to narrow, often linear, alluvial forest development. Beyond
the obvious physiognomic dissimilarities between riparian and other North American
temperate deciduous forest communities, functional attributes such as disturbance,
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regeneration, and competition may also operate differently in these ecosystems. The
influences of older (e.g. Prosopis sp.) and more recent (Tamarix sp.) invasions of
more xerophytic or halophytic shrubs into flora composed of representatives from
families such as the Salicaceae also appears to be unique to southwestern riparian
forests.
Because hydrologic, geomorphic, and edaphic change have relatively strong
importance in riparian community organization, adequate understanding of these
communities must incorporate measurements of the physical environment.
Perspectives based on isolated components of the terrestrial-aquatic interface have
only limited value to the understanding of riparian ecosystems (Gregory et al. 1991).
Integrative approaches have been utilized effectively in riparian ecosystem studies of
the upper Rhone River (Pautou and DeCamps 1985), the Missouri River (Johnson et
al. 1976), and streams of the eastern Sierra Nevada (Smith et al. 1991).
Research on alluvial forest communities located within North American hot
deserts has clarified germination and establishment with respect to abiotic factors for
a variety o f riparian populations, but has not revealed factors contributing to long
term survival or community change (Asplund and Gooch 1988, Stromberg et al.
1991). While other investigations o f North American aridland riparian ecosystems
span the range from those based solely on the physical sciences to those dealing
strictly with synecology, few have attempted to adopt a comprehensive approach.
This is surprising given the sharp discontinuities between riparian corridors and their
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predominantly xeric surrounding upland, and the resultant importance of these
habitats as patches in southwestern landscapes.
Although there are clear indications that the nature of anthropomorphic
effects on stream flows may be altered in the future, perturbation is likely to
continue throughout the Colorado River Basin (Brown et al. 1990, Colby 1990).
The types of change associated with water resources development have been
extensively chronicled. Downstream effects of impoundments in western North
America include altered river discharge characteristics, decreased suspended
sediment loads, channel width changes and bed degradation, and riparian vegetation
increases (Williams and Wolman 1984). Since approximately 1940, the high
sediment and dissolved solid loads which characterized the major drainages o f the
Colorado River basin during the early part of this century have stabilized;
colonization of tributary floodplains by riparian vegetation was among the processes
acting to bring about this change (Gellis et al. 1991). Although less welldocumented, the alteration of alluvial groundwater characteristics is likely to be
closely linked to these sorts of geomorphic and hydrologic change, and is the
probable proximate cause for certain alterations in riparian vegetation community
attributes.
Biotic transformations which have accompanied changes in the
physicochemical riparian environment include demographic shifts in alluvial forest
composition. Water management practices, particularly those that reduce spring
runoff, have been implicated in the truncation of seedling recruitment into Populus
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populations and the overrepresentation of old and senescent individuals in these
populations along regulated rivers in western North America (Rood and HeinzeMilne 1989, Howe and Knopf 1991). Rapid invasion of naturalized Tamarix
ramosissima in alluvial ecosystems of the southwestern U.S. (Crins 1989) has
altered riparian community composition profoundly as well. This invasion has
precipitated efforts to treat riparian vegetation as a manageable entity.
Manipulations of riparian vegetation, principally Tamarix. have been investigated as
a means of reducing water losses to evapotranspiration (Weeks et al. 1987),
enhancing river channel flood capacities (Graf 1982), and improving habitat for
vertebrate populations (Ohmart et al. 1988).
Although it is not clear that wetlands are more prone to biotic invasion than
other ecosystems, rapid establishment of exotic vegetation in riverine ecosystems has
been documented as a cosmopolitan phenomenon (Loope et al. 1988, McIntyre et al.
1988, Griffin et al. 1989, Thebaud and DeBussche 1991). Beyond the solely biotic
effects that have been associated with these invasions, it is now apparent that the
invasion of Tamarix in North American alluvial plant communities has altered more
fundamental ecosystem functional properties. By virtue of its phreatophytic
adaptations, Tamarix is capable of dessicating watercourses (Vitousek 1990). It is
also appears to be the cause and the beneficiary of novel disturbance regimes in
riparian ecosystems, notably that of fire (Chapter IV). Concepts relating to
disturbance and regeneration have special applicability to pristine alluvial
ecosystems. Dissipation of the energy associated with flooding results in disturbance
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to riparian plant communties which ranges from the trivial or regular to the
catastrophic. Generally, flooding is a form of disturbance to which many of the taxa
occurring in these communities appear evolutionarily well-adapted. However in the
desert Southwest, the Salicaceae and Tamaricaceae are near the edge of and out of
their respective Holarctic familial ranges. Harper (1977) has noted that disturbance
tends to be a more important factor as species approach the edge of their ranges.
Decreased frequency or intensity of disturbance from flooding is thus widelyregarded as having had major effects on riparian systems.
Human perturbations in riparian ecosystems have, in many cases, led to the
curtailment of flooding and appear to have altered alluvial aquifer characteristics as
well. Resource limitation for water in riparian trees and shrubs is plausible given
the phreatophytic strategies of the taxa dominating floodplain communities (Chapter
III). Consequently, hydrologic perturbation may affect competitive interrelationships
among woody riparian taxa as well. It appears that native willow (Salix gooddingii).
and especially cottonwood (Populus fremontii). are on the verge of local extinction
from certain low elevation riparian ecosystems of the southwestern U.S. (e.g. Howe
and Knopf 1991). Supplementing the aforementioned perturbations, the invasion of
Tamarix appears to have played a biotic role in altering competitive hierarchies in
these floodplain ecosystems. Recent increases in the abundance of this arboresecent
shrub at the expense of dominant native trees may appear paradoxical based on
interactions involving light. However, consideration of below ground interference

52
(Caldwell 1988) and the cost of maintaining tree height for light interception (King
1990) demonstrate the possibilities for altered patterns of plant interaction.
For some time, ecologists have been interested in linking riparian forest change
with the physical environment. For example, Albertson and Weaver (1945)
conducted extensive investigations into the possible causes of injury and death of
North American prairie trees due to drought. Addressing questions of forest
community change in a mechanistic manner has proven difficult though. Tree death
may be due to a mixture of allogenic and autogenic factors (Shugart 1987).
Senescence tends to be accelerated by environmental stress (Runeckles 1982) and
senescence-related declines may reduce the ability of woody species to resist a
number of damaging agents (Franklin et al. 1987). Despite the difficulties inherent
in mechanistic approaches, physiological ecology has been extolled as a means of
conceptually coupling the physical environment to plant community structure and
function (Bazzaz 1979, 1986).
Given that studies of the physiological ecology of individuals are instructive
in the analysis of community structure and function, the question of what growth
stage should be monitored remains. Many of the past attempts to define parameters
important to growth and survival in riparian plant taxa have utilized controlledgrowth experimentation with seeds and seedlings, or germination evaluations in the
field. However, dependence upon information collected at such early growth stages
is hampered by the demographic fact that survival through these stages is infrequent
in natural forest populations (Peet and Christensen 1987). Geomorphic instability in
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alluvial ecosystems often makes the sites most favorable for germination the most
unlikely for seedling survival (Asplund and Gooch 1988). Abiotic factors important
to germination and early seedling growth in riparian woody taxa tend to be poor
predictors of survivorship in subsequent age classes (Stromberg et al. 1991). The
recruitment of individuals into reproductive population classes may thus appear
nearly random in riparian communities. Despite this, sporadic recruitment may be
sufficient to maintain robust alluvial forest stand age structures. Substantial
photosynthetic and water relations differences between juvenile and adult woody
plants may lead to differential mortality between age classes (Donovan and
Ehlednger 1991). These concepts imply that, despite the critical importance of
seedling establishment, environmental factors favoring germination and early
seedling growth may be somewhat dissimilar from the conditions contributing to
long-term survival. Thus, the rate of transition between juvenile and adult stages,
and physicochemical and biotic interactions occurring during the early adult phase,
may be relatively important. Generally, this has not been addressed in past studies
of riparian community ecology or controlled experimentation with seeds or
seedlings.
Fundamental to the research presented here are comparisons of perturbed
with relatively pristine riparian ecosystems. Because of the increasing rarity of the
latter class of systems, attempts to contrast unperturbed sites that show apparent
continued alluvial forest community vigor with those showing indications of incipient
environmental damage are neccessary. The invasion of Tamarix and the resultant
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potential for alteration of competitive hierarchies in riparian communities of the
Southwest implies that experimental manipulations of populations is appropriate in
examinations of these phenomena. Such manipulations were conducted where
competitive interactions would be intense, assuming limitation in the groundwater
moisture source, on Colorado River sites subject to chronic hydrological
perturbation. The forms of perturbation affecting the sites selected were those
typically associated with water resources, agricultural, and recreational development.
Although descriptive comparisons of such perturbations have been conducted in
several floodplain ecosystems from western North America, few have adopted the
mechanistic approach underlying the objectives of this study. These objectives relate
to two primary null hypotheses: (1) that hydrologic variation has no effect on
riparian plant community structure and function; and (2) that varying salinity in
floodplain alluvium or water sources has no effect on these community attributes.
Several more specific objectives follow from these two primary hypotheses:
(1) it was important to quantify community structure to verify the existence of
differences which could be shown to relate to physical gradients or biotic factors; (2)
given this, it was clearly neccessary to make measurements of the physical
environment at study sites, particularly those moisture and salinity parameters
relating to the the primary hypotheses; (3) because individual morphological
responses are among the most obvious yet least frequently described manifestations
of population declines for native riparian woody taxa and because such factors are
also important in placing ecophysiological data in the proper perspective, a variety
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o f annual growth parameters were monitored; (4) comparative water relations data
from field sites, using water potential as an indicator of differential moisture or
salinity stress in sympatric taxa, were considered in conjunction with interspecific
tolerances determined at the tissue-level by applying pressure-volume analyses in the
laboratory; (5) instantaneous gas exchange measurements made over diurnal and
annual periods were supplemented by leaf carbon isotope data to determine if leaf
stomatal and photosyntheitic responses to atmospheric or soil water stress differed
among the taxa studied; (6) although separating the effects of salinity from those of
moisture stress is especially difficult in field research, gross interspecific differences
in responses to varying salinities among study sites were assessed, as were apparent
dissimilarities in nutrient uptake among the taxa studied; and (7) combining these
same sorts o f objectives with Tamarix removal from around Salix thickets allowed
the elucidation of potential competitive interactions between exotic and native taxa.

STUDY AREA

Research was conducted on two site complexes in extreme west-central
Arizona (Fig. II-1). One of these was in the floodplain of the lower Colorado River
near Needles, California (34°50’ N, 114°35’ W, elevation 150 m). The other
complex was in the Bill Williams River floodplain east of Lake Havasu (34°15’ N,
114°0’ W, elevation 150 m). Throughout the general study area, January
temperatures average 10-13 °C, while average July temperatures are > 32 °C (Hecht
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NEVADA

FIG. II-1. Study areas on the Bill Williams (O ) and Colorado ( □ ) Rivers,
Arizona, and on Las Vegas Wash, Nevada (A ).
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and Reeves 1981). Precipitation averages < 13 cm annually (Sellers and Hill
1974). Hyperthermic Aridosols are the characteristic soils of the lower elevations o f
western Arizona; study site soils are from the Torrifluvents Association, the welldrained, sandy to clayey, recently-mixed alluvium of the major southwestern
Arizona floodplains (Hendricks 1985). The surrounding upland zonal vegetation in
the vicinity o f both site complexes is representative of the Lower Colorado
subdivision o f the Sonoran desertscrub formation.
These two drainages possess fundamental physiographic differences relating
principally to their respective hydrologic characteristics. With its headwaters in the
Rocky Mountains, approximately 2,700 km to the northeast and 4,000 m higher than
its lower reach, the Colorado River is the major river of the southwestern U .S.,
draining a 630,000 km2 basin. Historically, this lower perennial river transported
large quantities of sediment which were deposited laterally in episodic flood events
creating a broad and deep floodplain alluvium where the river was not constrained in
canyons. On such sites, deciduous woody taxa formed closed canopy riparian
gallery forests. Shortly after European settlement reached the Colorado River
valley, small scale alterations of the river’s flow were initiated to divert water to
agricultural use and to protect human developments from flooding. These activities
culminated in the construction of several large dams on the river during the middle
of the twentieth century, effectively regulating river discharge to meet flood control,
agricultural, and electrical power generation requirements. Patterns of channel
aggradation and degradation have been altered by the presence of reservoirs and
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dams, and by U.S. Bureau of Reclamation dredging and bank stabilization programs.
Obviously, in this altered hydrologic and geomorphic setting, the hydrogeology of
floodplain aquifers has also changed. Sites in the Colorado River floodplain which
were selected for this research were 54 km downstream from one of the major
impoundment points (Davis Dam) on the Colorado River. Amplitude and frequency
changes in river discharge in this reach were thus highly affected by dam operation.
The Bill Williams River is a tributary to the Colorado River meeting it at
what is today Lake Havasu, a large reservoir at the two rivers’ confluence. Relative
to the Colorado River, it drains a more localized region of western Arizona, a
12,300 km2 basin. Throughout much of its course, the Bill Williams River flows
through relatively tightly constricted canyons, without the broad alluvial floodplain
geomorphology which is characteristic of the Colorado River. Despite this, there is
nearly continuous riparian forest and scrub vegetation distributed along the lower 23
km of the Bill Williams River floodplain. Above this reach, the river is restricted to
a gorge extending another 30 km upstream to where it is impounded at Alamo Dam.
This dam was closed in 1970 and since then, the Bill Williams River has been
subjected to some of the same sorts of hydrologic perturbation that affect the
Colorado River. Nonetheless, the flow regulation regime at Alamo Dam has
resulted in a more variable long-term discharge relative to downstream baseflow.
Study sites on the Bill Williams River were approximately 12 km upstream of Lake
Havasu, within a reach which was, until recently, characterized by a pristine
riparian vegetation association. The relatively greater distance between these study
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sites and Alamo Dam, the lack of river channelization programs, and the
stabilization of river flows resulting from the high storativity of the floodplain
aquifer upstream of the study sites, all act to isolate the study reach from some of
the dam’s effects, however.
Szaro (1989) characterized the forest vegetation typical o f the pristine
Colorado River riparian zone as the Populus fremontii-Salix gooddingii community
type. Low elevation alluvial floodplain forests of the Sonoran biotic province
dominated by Salix gooddingii. Populus fremontii. and Prosopis glandulosa have
been described as the Sonoran riparian deciduous forest and woodland community
and assigned a tropical-subtropical affinity (Minckley and Brown 1982). Both
classifications recognized the existence of associations dominated by tall riparian
shrubs or small trees, the most notable of which is naturalized Tamarix ramosissima.
The Sonoran Riparian Scrubland (Minckley and Brown 1982) and the Tamarix
pentandra (nom. illeg.) community type (Szaro 1989) are attempts to describe an
association dominated by combinations of Tamarix ramosissima. Tessaria sericea
(Nutt.) Shinn., Prosopis glandulosa. Prosopis pubescens Bentham, and Atriplex
lentiformis (Torrey) S. Wats., which are now abundantly distributed along the
Colorado River and other low-elevation tributary drainages. Central to the goals of
this study was an examination of the dynamics between these community types and,
therefore, among the dominant woody taxa Tamarix. Populus. and Salix. Areas
delineated as supporting the "cottonwood-willow" association generally have these
taxa present, though the latter two may occur at extremely low densities under the
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habitat-based classification system in use in the study area (Ohmart et al. 1988).
Thus, study site selection was limited to Bill Williams and Colorado River stands
classified as dominated by Populus and/or Salix by Younker and Anderson (1986).
Two types of sites on the Bill Williams River were selected for
ecophysiological data collection, both types having the three taxa of central interest
present and representative of a riparian gallery forest situation. "Upstream" sites (n
= 3) were near the upstream boundary of the Havasu National Wildlife Refuge, Bill
Williams Unit, in an area where stand evapotranspiration and water table declines in
this effluent stream reach did not substantially deplete stream discharge. An initial
qualitative demographic assessment of these sites depicted an apparently robust
condition for the native taxa because of the presence of seedlings (i.e. evidence of
recent germination in areas scoured by small-scale flood events), and a low
proportion of mature tree senesence and mortality. Although physiognomically
similar to upstream sites, "downstream" sites on the Bill Williams River (n = 3)
were located downstream where streamflow was intermittent. These sites were
selected because they were experiencing crown dieback and tree mortality. In
addtion to the three taxa of principal interest, understory Baccharis glutinosa Pers.
and xeric microsite Prosopis glutinosa were subdominant components o f this
vegetation. All intensive study sites were within 300 m of the active Bill Williams
River channel.
Few Populus persist in the Colorado River floodplain. Germination and
establishment of new individuals of this species appear to be nearly nonexistant.
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Although the sites chosen to represent this area in comparisons with Bill Williams
River sites were classified within the "cottonwood-willow" association (Younker and
Anderson 1986), they were codominated by only Salix and Tamarix. Prosopis
pubescens was present, but relatively infrequent on these sites, and Tessaria was
locally abundant as an understory shrub. Apparent disturbance-associated increases
in Tessaria riparian landscape coverage (Chapter IV) led to its inclusion in the study
design for the Colorado River in the place of Populus. Colorado River "control"
sites (n = 4) had nearly complete canopy cover by a tall Tamarix-Salix thicket
vegetation. There was no evidence of recent surface disturbance on these sites.
Based on their thicket shoot architecture, Salix and Tamarix spread in these areas
appeared to be largely clonal. Crown dieback was evident in most of the Salix
thickets selected for study.

Colorado River control sites were < 400 m from the

Colorado River active channel.

METHODS

Study Design

Mechanistic research obviously requires rigorous evaluation of the physical
environment. Thus, the quantification of hydrogeologic, edaphic, and geochemical
parameters became central goals. A wide array of biotic factors are potentially
quantifiable for a diversity of riparian taxa. It was decided to concentrate efforts on
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the two taxa which formerly dominated low-elevation southwestern riparian gallery
forests, Populus fremontii and Salix gooddingii. and on the exotic, Tamarix
ramosissima. which may be the agent of new competitive and ecosystem functional
regimes. The shrub, Tessaria senega, also appears to have increased in abundance
in riparian plant associations as the result of changes to the physical environment
and disturbance, so it was included at appropriate places in the study design.
Because of comprehensive previous research on Prosopis (e.g. Nilsen et al. 1983),
and because this genus appears coupled to alluvial plant community structure largely
via geomorphic rather than autogenic successional change (Ohmart and Anderson
1982, Stromberg et al. 1991), it was excluded from the primary study.
Physiological measurements were important in describing how individuals of
the study taxa related to their physical environment. Shoot water potentials and leaf
water vapor exchange were used as indicators of plant response to moisture and
salinity stress. Adaptations potentially enabling Tamarix. Salix. and Populus to cope
with moisture or salinity stress were examined by pressure-volume analyses of
tissue-level water relations phenomena. More general depictions of response were
obtained by examining annual growth in the Salicaceae, and by evaluating water use
efficiency as indicated by carbon isotope discrimination. However, riparian
community function is more than the composite of the physiological responses to the
environment of the populations comprising these communities. Complex processes
act in translating functional attributes into observable plant community attributes.
Demographic characteristics associated with the persistence of certain taxa, biotic
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invasions, or competition in riparian commmunities can be clarified by analyses of
community structure. To evaluate how broadly the ecophysiological data that are
presented here can be applied in understanding community structure, ordination of
structural data from riparian stands was employed. The positions of study stands
along ordination axes could then be used to evaluate how closely the measured
physical and physiological gradients were associated.

Community Structure

Data for an analysis of plant community structure were collected during
April, 1991 at 97 riparian vegetation plots throughout the Colorado (n = 63) and
Bill Williams (n = 34) River valleys. Studies of variability in species richness
relative to the number of plots sampled in southwestern riparian vegetation (Szaro
and King 1990) indicate that these sample sizes were statistically robust. Plots were
restricted to vegetation stands classified within the "cottonwood-willow" association
(Younker and Anderson 1986), thus vegetation quantification was restricted to
floodplain sites with evidence of tree (i.e. Salix or Populusl dominance. Central
points for plots were selected by measuring a random distance along a randomlyselected azimuth from the stand edge. Four quadrants of the 200 m2 circular plots
used in this analysis were circumscribed by deriving 8 m radii in cardinal directions
from the plot center. Using a field-based averaging process for the four quadrants,
plot classifications of perennial plant cover were the consensus of estimates made by
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two experienced observers. Plot evaluations followed the Daubenmire (1959)
method for estimating vegetation canopy coverage using six cover classes.
A demographic aspect was introduced into this classification by
subcategorizing Populus and Salix by age class in a manner derived from the review
o f plant growth form by Gatsuk et al. (1980). A preliminary analysis of Bill
Williams and Colorado River Salix indicated that the frequency distribution of
diameter at breast height (DBH) for reproducing individuals did not differ
significantly from a normal distribution (Kolmogorov-Smimov test, P > 0.99, n =
39), and that the lower quartile of this distribution fell at 10 cm DBH. Comparable
results for reproductive Populus led to the adoption o f a DBH criterion of < 10 cm
for defining the "juvenile" age class in these taxa. Trees of greater DBH were
assignied to an "adult" age class, unless standing dead branches constituted > 20 %
o f the canopy volume. This was a subjective limit beyond which trees were
classified in a "senescent" age class. Demographic classification of the Salicaceae
species was based on standing live ramet characteristics, with no attempt made to
account for clonal dynamics. From the species-stands matrix which resulted from
this data collection effort, relative cover and relative frequency percentages were
calculated separately for the Colorado and Bill Williams Rivers. Histograms
depicting relative cover and frequency were constructed for these ecosystems by
including those taxa demonstrating >: 5 percent relative cover over the general study
area.
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Indirect ordination in plant ecology involves the reduction of the dimensions
o f a matrix of data for the occurence of a set of species at a set of sites (James and
McCulloch 1990). The matrix of canopy cover classes for the vegetation plots and
the perennial plant taxa and demographic class combinations identified on these plots
was restricted and condensed to meet the requirements of the selected ordination
software. Detrended correspondence analysis (DCA; Hill 1979) which has been
shown to produce distortion-free ordination axes amenable to environmental
interpretation (Gauch et al. 1981, Peet et al. 1988), was employed to produce both
stand and species ordinations. Rare species were downweighted in proportion to
their frequency to improve the distribution of stands in the space defined by
ordination axes. Transformation of data from cover classes to cover class midpoint
percentages did not improve the stand distribution or eigenvalue characteristics (i.e.
variance explained) over untransformed data in preliminary ordination trials. Study
areas were highlighted in stand ordinations to assess the assumption that these sites
adequately depicted microsite structural variation within the riparian community.
Axes of variation in ordination studies frequently reflect regeneration characteristics
of plant communities (Grubb 1977). Thus, in addition to correlation with physical
or physiological parameters, association with disturbance or reestablishment features
were also sought.
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Tamarix Removal Experiment

To evaluate potential competitive interactions among established native
riparian woody species and Tamarix. an experiment was conducted over the 1990
growing season in the vicinity of the Colorado River control areas. In December,
1989, during the period of winter dormancy, Salix thickets were left standing while
surrounding vegetation was mechanically removed at four sites which were
interspersed among the four control areas. Clearing was accomplished by bulldozer,
and involved scraping away a large volume of Tamarix and smaller amounts of
Tessaria and Prosopis pubescens from the base of Salix clones, while exercising care
not to injure the remaining Salix. Given the low precipitation of the study area, it is
unlikely that the cleared areas benefitted from substantial additional surface soil
moisture as the result of Tamarix removal. It was possible that surface disruption or
incomplete vegetation removal may have added nutrients or elevated salinities in the
cleared areas, however.
The cleared areas were > 20 m in linear extent from the base of the
remaining Salix individuals. This cleared distance was approximately 3X the crown
height and 7X the crown diameter of the remaining Salix. so it was assumed that
surviving individuals were freed from below ground interspecific influences over the
lateral expanse of their root zone. The lack of resprouting Tamarix during the data
collection period appeared to confirm this assumption and obviated the need for
reclearing efforts. Tamarix shoot removal meant that the remaining Salix were
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freed from the affect of neighbors on light interception as well. Data on soil
moisture, soil chemistry, plant morphology, and plant water relations were collected
as described below. In this manner, data from these "experimental" sites were
available for comparison to Salix data from the interspersed control sites as well as
to data from Bill Williams River study areas.

Hydrology and Soil Moisture

Study site selection was partially determined by proximity to U.S. Geological
Survey (USGS) river gauges. The Bill Williams River sites were all < 7 km from
the Kohen Ranch gauging station. Colorado River sites were all < 5 km from the
Needles, California gauge. Stream hydrographs for reaches adjacent to the study
sites were developed from river gauge discharge data from these stations. Data
were available electronically from AD APS, the USGS Arizona hydrographic data
base, for the years 1949-1990 on the Colorado River and 1940-1990 for the Bill
Williams River. Discharge quantiles and ranges were calculated on a monthly basis
using daily flow data for the years of field study (1989-1990). Comparisons of
study period discharge with historical hydrographs were made using monthly flow
averages over the periods for which data were available for each river.
Piezometers were installed to permit characterization of water availability in
the unconfined alluvial aquifers near the Bill Williams and Colorado River study
sites. Four groundwater observation wells were placed on the stressed and control

sites adjacent to the Bill Williams River. Three piezometers were located near the
complex of control and experimental sites studied in the Colorado River floodplain.
Wells were drilled to depths > 6 m prior to the insertion of slotted PVC pipe. This
was beneath the estimated maximum depth of the water table in all cases. Depth to
groundwater was measured monthly during 1990 using a nylon measuring tape.
Time-domain reflectometry (TDR; Topp and Davis 1985) was used to
estimate volumetric soil moisture content (0) at each study site on a monthly basis.
This method involves the measurement of the soil dielectric constant (K) and the
assumption that water content is the principal factor altering soil dielectric
properties. An empirically-derived polynomial equation has been found adequate to
represent the association between K and 0 in a wide variety of soil types (Topp
1987). Consequently, this relationship was used to transform K, measured using a
Tectronix model 1502B cable tester, to 0 for study site soils. At each study site, an
array of four stainless steel probes were implanted vertically in the alluvium. Two
90 cm probes served as electromagnetic wave guides and one probe each spanning
60 and 30 cm depths was paired with a 90 cm probe to measure K over the given
depth interval. The vertical probe orientation resulted in an integrated 0
measurement over the upper 90 cm of the alluvial soil profile (termed 0,) and, by a
subtraction process, measurements for the 0-30, 30-60, and 60-90 cm depth intervals
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Salinity and Nutrients

Alluvial soils were sampled periodically at each of the study sites for nutrient
and salinity analyses. Samples were taken at randomly selected points using a 12
cm diameter auger. Sampling depth intervals corresponded to those used in the
TDR soil moisture measurements (i.e. 0-30, 30-60, and 60-90 cm strata; n ^ 8 for
each depth on each site). Soil samples were returned to the laboratory in airtight
polyethylene bags. Each sample was air-dried, sieved through a 2 mm screen, and
thoroughly-mixed prior to analysis. Sample textural classification was carried out on
10 g subsamples using the pipet method. From 100 to 500 g of soil from each
sample was used to prepare a soil paste by mixing with deionized water. Extracts of
each sample were obtained by pressure extraction of the soil paste preparation.
Groundwater samples were obtained by hand pumping water from study site
piezometers. To avoid taking water standing in wells, sampling protocol involved
pumping 3 well volumes prior to taking a 500 ml water aliquot for analysis. Water
samples were grouped by river system for comparison of riparian aquifer water
characteristics.
With only minor modifications, soil extract and water analyses followed
identical protocols. Sample electrical conductivity (EC) and pH were determined
using an electrical conductivity probe and pH meter, respectively. Total dissolved
solid (TDS) determinations were made on water samples by evaporating the water,
then weighing the residual evaporate. Water and soil extract sample carbonate
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(C 0 3) and bicarbonate (H C 03) concentrations were determined by colorimetric
titration with 0.1 or 0.04 N sulfuric acid solution. Chloride (Cl) concentration was
ascertained using titration with 0.1 N silver nitrate. Sample sulfate (S04) was
determined by titration with 0.0104 N barium perchlorate. An atomic absorption
spectrophotometer was utilized in assays of sample extract potassium (K), calcium
(Ca), magnesium (Mg), and sodium (Na) concentrations. Nitrate (N 03)
concentration was determined using ultraviolet spectrophotometry on soil extracts.
Extract fluoride (F) concentration was ascertained using a fluoride electrode in
combination with a pH meter. A spectrometer was used to evaluate boron (B),
phosphate (P 04), and ammonium (NH4) concentrations of sample extracts.
Saturation percentage {Sat. %) for the soil sample extracts was determined by
overnight drying of the soil paste. Sodium absorption ratio (SAR), an expression of
the activity of Na ions in exchange reactions with soils (Hillel 1980), was calculated
for water samples.

Plant Measurememts

On a seasonal basis, terminal segments of Populus and Salix branches were
removed and returned to the laboratory on ice for morphological analysis. This
analysis was limited to these taxa because their proleptic growth characteristics
produced bud scale scars which made annual growth increments identifiable.
Sylleptic growth in Tamarix and Tessaria prevented this type of annual growth
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analysis. Stem segments were taken from sunlit branches at the midcanopy level
from each of the study sites. On each branch sample, stem elongation was
measured as the distance from the most terminal bud scale scar to the branch apex.
Annual leaf production was quantified by counting the leaves with petiole insertions
on this segment. Leaf production was also assessed by estimating leaf area produc
tion. To do this, leaf areas of the annual growth increment were measured using a
leaf area meter (Delta-T Devices, Pullman, Washington). After recording leaf
areas, leaves were rinsed and oven-dried at 65°C for 72 h, then weighed. Following
this, specific leaf area (SLA) was calculated as leaf area per unit dry leaf tissue
mass.
Oven-dried leaf tissue was used for interspecific elemental analysis
comparisons from the materials used in the morphological analyses described above.
These analyses were extended to Tamarix and Tessaria leaf tissue which were
prepared in the same manner. Dried leaf tissues were ground using a Wiley mill to
produce homogeneous samples. Leaf tissue samples were bulked so that each
species-study site combination was represented by one to two composite samples
taken from 5-10 individuals. This process resulted in 18 foliar analyses for each of
the taxa investigated. Analyses involved the determination of the concentrations on
a dry-weight basis of N, P, K, Ca, Mg, and Na, in addition to leaf tissue fractions
o f Zn, Fe, Mn, Cu, and B.
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Plant Water Relations

At each study site, three individuals of each species were selected for
intensive physiological monitoring. At Bill Williams River sites, Tamarix. Salix.
and Populus were sampled. For the Colorado River, Tessaria replaced Populus in
the study design at the control site, while only Salix was monitored at the
experimental site. Water relations data were collected on a monthly basis over a
two year period; diurnal data were collected bimonthly. For diumals, which
commenced shortly after sunrise and continued at two-hour intervals throughout each
day, data on leaf stomatal conductance (g) and transpiration (E) were collected on
three fully-expanded, sunlit, midcanopy leaves of each marked tree using a steady
state porometer (Licor LI-1600 with a LI-190-1 quantum sensor, Lincoln,
Nebraska). Measurements of chamber relative humidity and temperature, leaf
temperature, and photosynthetic photon flux density (PPFD) were made
simultaneously. Quantifying vapor fluxes from Tamarix cladophylls required the use
o f a Licor 1600-07 cylindrical chamber; thus, following the last diurnal porometry
measurement, leaves were removed and returned on ice to the laboratory for leaf
area determination using the Delta-D Devices leaf area meter. Measurements of g
and E were adjusted by transforming data based on the actual leaf area:porometer
aperture setting ratio. The Salicaeae are amphistomatous, but area-specific
porometry results reported here were based on a single leaf surface only.

73
Water potential (\p) was measured twice daily on two to four 5-10 cm
terminal midcanopy terminal branch segments which were clipped from each
individual. The clipped branch segments were rapidly chilled and held in darkness
until field measurements were made, within 30 min of removal from the plant.
Water potential determinations made before dawn were termed \pniax because \p is
typically at its peak at this time in these mesophytic riparian taxa. Midday readings
occurred during the period of presumed lowest \p, and were denoted as \pmin.
Diurnal \J/ trials confirmed these assumptions. A PMS Model 1000 (Corvalis,
Oregon) pressure chamber apparatus was employed in all

determinations.

Seasonal patterns in ^-components were quantified for Populus. Salix. and
Tamarix in the laboratory. The basic research protocols in applying pressurevolume analyses followed those of Turner (1988). Approximate 1 m stem cuttings
from individuals representing these taxa were made prior to dawn from riparian
stands near Las Vegas Wash, Nevada (36°5’ N, 114°50’ W, elevation 600 m; Fig.
II-l), a tributary of the Colorado River. These cuttings were immediately recut
under water and allowed to rehydrate in a covered container. Evidence of
rehydration-induced shifts in pressure-volume parameters in trees from xeric sites
has led to the recommendation of short (i.e. 1-3 h) rehydration periods for
mesophytic trees (Dreyer et al. 1990, Kubiske and Abrams 1991). After rehydration
for 1.5 to 2.5 h, terminal branch segments approximately 10 cm in length were cut
from rehydrated shoots and were rapidly weighed, then subjected to pressurization in
the pressure chamber. For each branch segment (n = 10 for each species in each

season), this process was repeated 7-11 times, or until xylem sap no longer exuded
from the cut surface under pressure. Intervals between successive weighing and
pressure equilibration determinations started at 0.25 h and then were increased
incrementally to ca. 1 h. Between successive intervals, branch segments were
allowed to dry on the laboratory bench. Following this procedure, segments were
placed in a drying oven at 65°C for 72 h for dry mass determination. Sample water
volumes were then calculated as the segment tissue mass less the oven-dry mass.
Tissue water relations parameters were developed from pressure-volume plots
o f the succession of the reciprocals of the chamber balancing pressure (1/P) versus
relative water content (R) for each sample. Typically, pressure-volume plots of this
type are curvilinear, with the initial (i.e. low P, high R) portion of the plot being
nonlinear. Where the plot becomes linear, theory dictates that turgor loss occurs
(Scholander et al. 1965). At this point the relative water content at zero turgor (R°)
may be determined from the plot abscissa. Extrapolation of the linear portion of the
pressure-volume plot to the ordinate (i.e. where R = 1.0) gives the balance pressure
(1/P) equivalent to the osmotic potential at full turgor (\pl°°). Similarly, the ordinate
H P equivalent to zero turgor may be converted to the turgor loss point osmotic
potential ($J). The bulk modulus of elasticity may also be calculated at zero turgor
(e°) as the slope of the change in equilibration pressure divided by the change in
water content (i.e. (AP/AR)R). Determining the turgor loss point has proven
difficult using graphical techniques. Because of this, a computer-assisted analytical
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technique (Schulte and Hinckley 1985) was employed to estimate tissue level water
relations parameters.
Determinations of carbon isotope fractionation occurring through the COz
assimilation process were used to elucidate interspecific differences in water use
efficiency (WUE) in the four taxa investigated. During photosynthetic carbon
assimilation, ,3C occurring in atmospheric C 0 2 is discriminated against relative to
12C. The ratio of carbon isotopes in plant tissue samples (Rsam) relative to that of the
PeeDee Belemnite standard (Rsld) was used to express carbon isotope compositions
on a parts per thousand or permil (‘Vqq) basis:

6 ,3C(o/oo) =[(*„„, -R J H R sJ X 103
Carbon isotope ratios were determined on oven-dried leaf tissues which were
prepared as for the leaf elemental analyses described above. Samples (n = 20 for
Salix and Tamarix. n = 12 for Populus. and n = 4 for Tessaria! were taken across
all study sites where these taxa occurred. Isotopic analysis of each sample involved
combustion of a 2-3 mg subsample of the dried leaf tissue for 6 h at 850°C to
produce C 0 2 in sealed evacuated Vicor tubes containing cupric oxide and silver foil.
Following cryogenic purification of the C 0 2 produced, sample 8I3C values were
measured on a Finnigan MAT delta E isotope ratioing mass spectrometer. Carbon
isotopic analyses were conducted at the University of Utah where instrument error
associated with each observation has been estimated at O.Ol0/^ , and error between
repeated analyses at < 0. M0/^) (Ehleringer 1990).
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Carbon isotope discrimination is often used in preference to bl3C because
plants show a positive discrimination against 13C and because plant tissue
discrimination values are expressed relative to the 13C composition of the atmosphere
rather than that of the PDB standard (Farquhar et al. 1989a). Assuming a b13C for
atmospheric C 0 2 of -8.00/oo, carbon isotope discrimination values (Ac) for plant
tissues with bl3C measured as 8p were calculated using the formula:
Ac(o/oo)=(-8.0-5p/(103+6p)
Farquhar et al. (1989a, 1989b) have shown how Ac is related to the ambient and
intercellular partial pressures of C 0 2; ratios of these partial pressures, in turn, are
related to WUE and thereby also to Ac. Thus, the assumption that lower Ac values
result from lower intercellular C 0 2 partial pressure and and higher WUE was
applicable here.

Data Analysis

In certain cases, descriptive statistics were used to present data trends. Plots
of stream discharge ranges and quantiles, and of water table depth means and
standard deviations follow this method of presentation. Because the various soil
elemental concentrations deviate highly and many are expressed using different
units, standard scores for these variables were calculated to aid in study site and
subsurface depth comparisons. Standard scores (Q were calculated as the deviation
from the grand mean for a given soil constituent of the mean of each site-subsurface
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depth combination:
c= (x r Tg)isg
where Xt and Xg represent the site-depth mean and grand mean, respectively, and sg
is the standard deviation associated with the grand mean.
Where normality, independence, and randomness were reasonable
assumptions for sample data and sampling regimes, procedures to test the equality of
treatment means were carried out using parametric statistical techniques. Generally,
this involved analysis of variance (ANOVA) followed by multiple range analysis
using the Student Newman-Keuls (SNK) test in cases where ANOVA results
indicated significant differences of > 2 means. The SNK test has been shown to be
conservative relative to other mean comparison tests (Montgomery 1984) so
differences reported here are statistically distinct. A posteriori residual and normal
probability plots were used to assess the adequacy of ANOVA model assumptions
and, where used, departures from these assumptions were minor. Data which were
subjected to this analytical approach included the interspecific comparison of leaf
element concentrations, the comparison of Populus and Salix shoot morphology
among sites, the tissue water relations comparisons among species, and the
interspecific comparison of Ac.
There were several cases where the above assumptions were not valid.
Nonparametric statistics (Conover 1980) were employed in hypothesis testing for
certain o f these variables. Soil and groundwater analysis data showed clear
departures from normality. In the latter case, the Mann-Whitney test was used to
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compare distribution functions for constituents of water from the two river systems.
An extension of this test, the Kruskal-Wallis test, allowed comparison of > 2
populations. This test was employed to examine the null hypothesis that study site
soil elemental and textural parameters were identical. Results of analyses using this
procedure are presented using the test statistic designation "H."
Sequential sampling of the same experimental material violates the
independence assumption associated with the univariate ANOVA test. This type of
data gathering technique was largely unavoidable for analyses of soil moisture and
plant water relations where a considerable investment of effort was required to
establish study sites, install soil probes, etc. For statistical comparisons of
ecophysiological response curves collected on this basis, a multivariate approach,
repeated measures analysis of variance (ANOVAR) or "profile analysis," has been
advocated (Moser et al. 1990, Potvin et al. 1990). Using the SPSS-X profile
analysis procedure (SPSS 1988), ANOVAR was employed in among site
comparisons of 0 rf, g, E, \pnmx, and \pmin. Monthly and hourly data collections were
treated as the repeated factors. Mauchly’s criterion test was used to evaluate the
assumption of compound symmetry of the variance-covariance matrix of these data
sets.
Where common elements or compounds were sampled in leaf tissue,
groundwater, and alluvial soils, correlation analysis was utilized to examine possible
associations among sources. Pearson product moment correlation coefficients (r)
were calculated using site and species values for each common characteristic
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measured. Physiological responses from each of the four taxa investigated were
pooled and used in a similar fashion to evaluate potential linkages between Ac and
E, or g. Although stand positions relative to DCA axes ostensibly represent
interval scale data, it was considered more conservative to treat these derived data as
ordinal in nature and apply the appropriate nonparametric correlation procedure.
Spearmann rank correlation coefficients (p) were used to define possible associations
between study site position along ordination axes and gradients of physical (i.e.
water table depth, 0,, ECS, TDSW, alluvium N 0 3 and P 0 4, and PPFD) or
physiological (i.e. \pmin and rpmax) factors on these sites.

RESULTS

Hydrology and Soil Moisture

River discharges for 1989 and 1990, recorded at USGS gauging stations near
the Bill Williams and Colorado River study areas, are presented in Figure II-2.
Colorado River flows were approximately three orders o f magnitude greater than
those in the Bill Williams River. The highly-regulated Colorado River hydrograph
was nearly identical to the long term (i.e. 1949 through 1988) average in terms of
discharge and the timing of its fluctuations. Flow variation, almost solely the result
of upstream dam releases, was high on both a monthly and daily basis. Variation in
daily discharge was as much as 63% of the monthly median, and the monthly
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FIG. II-2. Hydrographs for the Colorado and Bill Williams Rivers in 1989 and
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variation range was 144% of the annual average flow for 1989. Throughout the
study, Bill Williams River discharge was much more stable on an absolute basis.
The range of daily variability was < 32% of the monthly median, with monthly
variation for 1989 only 19% of the annual average discharge. This monthly flow
variation appeared to be attributable to localized precipitation and runoff events.
The 1989-1990 Bill Williams River hydrographs depict flows which are substantially
lower than long term trends, and were partly attributable to regional drought
conditions. Examination of long-term hydrological data show that average monthly
flows > 100 m3/s occurred in 31 of 48 years, typically during the late winter to
spring runoff period. Conversely, although flow attenuation to < 10 m3/s occurred
in all but 2 years of the 48 year hydrologic record, decreases to 0 m3/s occurred in
only 5 o f these annual periods.
Despite lower than average flows in the Bill Williams River, groundwater
levels were consistently < 3 m below the alluvial surface at floodplain study areas
(Fig. 11-3). Declining water tables throughout the 1990 growing season coincided
with flow attenuation in the Bill Williams River channel (Fig. II-2), but also were
coincident with the presumed peak in community evapotranspiration. Spatial
variation among groundwater observation points was substantially less for Bill
Williams River floodplain sites than it was for the Colorado River study areas.
Means for monthly water table depth ranged from about 3 to 4.5 m for the Colorado
River study sites and were consistently 1-3 m deeper than water tables on the Bill
Williams River. The annual progression in monthly water table depth means for the
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FIG. II-3. Alluvial water table depth in study region floodplains during 1990.
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are represented by vertical bars extending ± 1 SD from the means.

83
Colorado River approximated the inverse of that for the Bill Williams River, and
appears closely linked to the Colorado River hydrograph.
Volumetric soil moisture percentages refine the depiction of hydrologic status
for each o f the four study areas. Repeated measures ANOVA results show that the
difference among site means for Qd depicted in Figure II-4 were significant (F =
7.98; P < 0.02; 2,7 df) over the course of the study. Bill Williams River upstream
sites had the greatest mean 0, over the upper 90 cm of the floodplain alluvium
(annual X ± SE = 12.2 ± 2.2% ). As expected for locations where the principal
source o f soil moisture replenishment is the alluvial aquifer, Od increased with
subsurface depth at these sites. The severance of a linkage of surface soils with the
water table appears to be indicated by a more monotonic pattern in Od with depth at
Bill Williams River downstream sites. Soil moisture integrated over the upper 90
cm averaged 7.4 ± 1.6% for these sites. Similarly, the Colorado River areas
exhibited no clear trend with subsurface depth, although both areas were
characterized by substantially lower mean 0 f than Bill Williams River floodplain
areas (5.02 + 0.48% and 4.59 + 0.36% for control and experimental areas,
respectively). Despite the clearing of surrounding vegetation from Salix individuals
at the Colorado River experimental study sites, there was little difference between
average Od at these sites and the control sites (F = 1.27; P > 0.3; 1,6 df).
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FIG. II-4. Volumetric soil moisture at Bill Williams and Colorado River floodplain
study areas. Lines are plotted through means for Qd ( + SE, n = 12) at each of
three subsurface depths in the alluvium.
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Alluvium. Water, and Tissue Analysis

When soil samples from the three 30 cm depth strata were considered jointly,
there appeared to be few differences among study areas with regard to the mean
texture of the floodplain alluvium (Fig. II-5). The most conspicuous difference was
the presence of an alluvium textural class with particle diameter > 2 mm in Bill
Williams River study area soil samples, but not in those from the Colorado River.
Statistical analysis of alluvium textural class ranks for the study areas revealed that
the Bill Williams upstream sites had a greater (H = 10.09; P < 0.03; n > 24) sand
fraction (X ± SE = 89.2 + 2.5%) than did the Bill Williams downstream sites
(79.8 ± 2.7%). Other among-area differences for this textural class and for the silt
and clay textural classes were slight and statistically insignificant.
Table II-1 displays the results o f elemental soil analysis for the upper 90 cm
of the floodplain alluvium at each of the study areas. There was a tendency for
mean cation and anion concentrations to be statistically indistinguishable between
study areas within each river system, but not between the river systems. This type
of trend was demonstrated by EC and by mean concentrations of the ionic species
Na, Mg, Cl, and S 0 4, all of which were substantially higher in soils of the Colorado
River sites. Potassium showed a similar pattern, but experimental sites had a higher
mean concentration of this nutrient than did control sites for the Colorado River.
Factors for which downstream Bill Williams River sites had the highest mean
concentrations, or did not differ significantly from the two Colorado River areas,
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included Sat. %, B, F, C 0 3, NH,, and P 0 4. The mean Bill Williams River
downstream area soil pH was significantly more alkaline than that at both Colorado
River study areas; these areas, in turn, had higher mean pH than did the Bill
Williams River upstream sites. Significant among-area differences were not detected
for Ca, H C 0 3, or N 0 3. Soil analyses at each 30 cm level are depicted within each
area by plotting soil standard scores for each factor (Fig. II-6). There was a marked
tendency for the means of the various soil chemistry characteristics at the 30 cm
depth to be greater than the overall mean for that factor at all sites and depths. This
pattern is particularly pronounced for sites at the two Colorado River study areas.
Few differences were distinguishable between experimental and control areas from
the Colorado River, although the former group of sites appeared to have the greatest
positive variation from mean factor values in the 30 cm alluvium depth. With the
exception of Ca and H C 03 in the 30 cm depth and N 0 3 at the 90 cm level, Bill
Williams River upstream sites tended to have negative standard scores indicative of
low mean element concentrations at all depths. All Bill Williams River sites tended
to be similar, but downstream areas had high positive deviations from the overall
mean for pH, Sat. %, B, N 0 3, NH4, and P 0 4.
Analysis results for water samples drawn from study area piezometers are
shown in Table II-2. The groundwater concentrations of Ca, Mg, and S 0 4 tended to
follow the general pattern indicated for study area soils, in that Colorado River
samples tended to have significantly greater mean values for these constituents than
did Bill Williams River groundwater samples. This tendency likely contributed to
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FIG. II-6. Standard scores for soil analysis variables. Each parameter value was
subtracted from the grand mean at all sites and depths for that value, then the
resultant difference was divided by the standard deviation associated with the grand
mean to calculate a standard score in standard deviation units.
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TABLE II-2. Groundwater analysis results for samples from piezometers near the
Bill Williams (n = 16) and Colorado (n = 11) Rivers. Means and standard errors
are reported for each factor with measurement units indicated within parentheses.
Asterisks indicate significant differences between means following the MannWhitney test at P < 0.05 (*) and P < 0.005 (**).

Factor

Bill Williams River

Colorado River

pH

7.70 ± 0.02

7.73 ± 0.02

Na (meq/1)**

4.93 ± 0.02

4.30 + 0.07

K (meq/1)**

0.20 ± 0.00

0.13 ± 0.00

Ca (meq/1)**

3.33 ± 0.04

4.57 ± 0.04

Mg (meq/1)**

1.70 ± 0.01

2.27 ± 0.02

S 0 4 (meq/1)**

1.99 + 0.02

5.25 + 0.05

H C 0 3 (meq/1)**

5.09 ± 0.05

3.59 ± 0.05

Cl (meq/1)**

3.00 ± 0.03

2.29 ± 0.04

SAR (meq/1)**

3.15 ± 0.03

2.32 + 0.03

EC (dS/m)*

1.00 ± 0.01

1.08 ± 0.01

TDS (mg/1)**

606.6 + 2.4

731.6 ± 6.6
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the significantly higher value for EC and TDS in Colorado River samples as well.
The mean concentrations of several ions (Na, K, and Cl) were higher in Bill
Williams River groundwater samples than they were in samples taken from the
alluvial aquifer near Colorado River study areas. Higher Na, but lower Mg and Ca
concentrations, resulted in higher mean SAR values in Bill Williams River study area
groundwater samples relative to that of the Colorado River. There were higher
mean H C 0 3 levels in Bill Williams River study area groundwater samples than in
Colorado River samples and no significant difference in pH between the river
systems.
Tamarix tended to concentrate the major cations in leaf tissue samples taken
across all study areas (Table II-3). Calcium, Mg, Na, and Fe were all found to
occur at significantly higher average levels in Tamarix than in leaf tissue samples
from the other three taxa. Salix and Populus had higher mean leaf tissue
concentrations of P, K, and Zn relative to Tamarix and Tessaria. Strikingly high
mean Mn concentrations in Salix and the relatively high mean leaf tissue Ca in
Populus were exceptions to the tendency of Salix and Populus to have similar
concentrations of the same elements. Tessaria had high mean levels o f Na and Fe, a
trait shared with Tamarix. There were also elevated levels of Cu and B in Tessaria
leaf tissue. High mean concentrations of the latter element were also found in Salix
and Populus. but not in Tamarix. There were no significant interspecific differences
in mean leaf tissue N.
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Correlations among nutrient concentrations in leaf tissue, groundwater, and
alluvial soils were used to elucidate possible adaptations for uptake or exclusion in
the various taxa and environments studied. Soil and groundwater EC (r = .32, P <
0.05), Mg concentration (r = .31, P < 0.05), and P concentration (r = -.37, P <
0.005) were all correlated, while Na and Ca concentrations were not. Leaf tissue
nutrient concentrations are compared with alluvium and groundwater composition in
Table II-4. Tamarix leaf tissue concentrations of Na and Ca were positively
correlated with alluvial soil concentrations, while leaf Mg appeared to be more
tightly linked to groundwater levels. In Salix. positive correlation between alluvium
concentration and leaf tissue concentration of Na contrasted with the negative
correlation between groundwater and leaf tissue. Concentrations of Salix leaf tissue
Mg and K were, respectively, negatively and positively correlated with groundwater
levels. Although there was a slight tendency for correlations among leaf tissue,
groundwater and alluvium to be similar to those in Salix. none of the correlations
for Populus were statistically significant. Because of this interspecific variability,
correlation of leaf tissue element concentrations with alluvial or groundwater
concentrations were not strong for any factor when all taxa were considered as one
group. There were positive associations between leaf tissue and alluvium
concentration of Ca, and between leaf tissue and groundwater concentrations of K.
Significant negative correlations between leaf tissue P and alluvium P 0 4, and leaf
tissue N and alluvium NH4 were also present.
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Growth and Morphology

Salix stem elongation, new leaf area, and specific leaf area (SLA) were all
significantly greater for Bill Williams River upstream sites than they were in
Colorado River control sites (Table II-5). Annual leaf production showed little
variation among any of the study sites for this taxon. Morphological measurements
indicated distinct differences between upstream and downstream site Populus. but
not Salix. along the Bill Williams River. All of the morphological parameters
measured for Populus had significantly higher mean upstream area values than those
for downstream sites. Leaf production and leaf area averages tended to be higher in
upstream area Salix in comparison to downstream area means, but these differences
were not statistically significant. Salix stem elongation means were nearly identical
for upstream and downstream sites and SLA was greater on the downstream Bill
Williams River sites. Comparison of control and experimental Colorado River area
means for Salix showed that experimental area stem elongation was 62% greater and
leaf area was 88% greater than values on control sites. Mean leaf production was
also greater in experimental areas, but only slightly. Although there was no
significant difference in Salix SLA averages between experimental and control sites
on the Colorado River, annual growth increments had 60% greater leaf surface area
on the experimental plots.
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Plant Water Relations

Composite diurnal response curves for stomatal conductance (g) and
transpiration (E) for each species at each class of study area are presented in Figure
II-7. Differences in Tamarix g among sites were indistinct, although the
downstream Bill Williams River areas tended to have lower midday stomatal
conductance than the Bill Williams River downstream and Colorado River control
areas. Tamarix from Colorado River control sites exhibited markedly higher E than
on either of the sites on the Bill Williams River. From midmoming on, Salix
diurnal response curves showed a distinct gradational pattern (F = 4.70; P < 0.05;
df = 2,7) as g tended to be the lowest at Bill Williams River downstream sites, with
the Bill Williams River upstream sites, Colorado River control sites, and Colorado
River experimental sites being successively higher (Fig. II-7). Intersite differences
in mean E for Salix were less distinct within river systems, but there was a welldefined ecosystematic difference between the Bill Williams and Colorado Rivers.
Bill Williams River Populus g and E response curve patterns, magnitudes and
between site differences were very similar to those for Salix from the Bill Williams
River.
Mean monthly predawn (\pniax) and midday (\pmin) water potential data for
Tamarix (Figure II-8) revealed significant between site differences (F = 36.9; P <
0.001; df = 2,7). Both \pniax and \pmin were greater for Tamarix on the Bill Williams
River upstream sites than on either the Bill Williams River downstream sites or the
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Colorado River control sites. Late season xp at the latter two sites were similar, with
the growing season decline in \p being greater for the Bill Williams River
downstream areas. Although Salix

tended to be marginally lower for control

sites relative to experimental sites on the Colorado River and for downstream sites
relative to upstream sites on the Bill Williams River, these trends were statistically
insignificant. More distinct (F = 20.0; P < 0.01; df = 2,7) site differences were
exhibited in \pmin for Salix where late growing season differences as great as 0.5 MPa
characterized the comparisons between control and experimental sites for the
Colorado River and upstream and downstream sites for the Bill Williams River.
Water potentials in Bill Williams River Populus were greater in upstream site plants
in comparison to those from the downstream sites (F = 18.63; P < 0.05; df =
1,4). This trend became more pronounced for both \pniax and xf/min as the growing
season progressed.
Tissue water relations factors were derived from pressure-volume analyses
performed on three sympatric woody taxa from the vicinity of Las Vegas Wash,
Nevada (Fig. II-1). Despite the close taxonomic relationship of Populus and Salix.
the latter exhibited water relations characteristics which were intermediate between
Populus and Tamarix (Table II-6). Mean relative water content at zero turgor (R°)
was similar in Tamarix and Salix: their means were significantly lower than that for
Populus. Osmotic potential at the turgor loss point ( ) was most negative in
Tamarix. was intermediate in Salix. and had the highest mean value in Populus.
Although there was a similar graded relationship for osmotic potential at full turgor
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TABLE II-6. Results of pressure-volume analyses for three dominant riparian taxa
from the Las Vegas Wash, Nevada vicinity. Data for each variable are presented as
means ± SE, with sample size (n) indicated parenthetically after each species.
Entries are followed by an indication of significant (P < 0.05) difference in average
values (i.e. different letter superscripts) as shown by ANOVA and the Student
Newman-Keuls multiple comparison test. Abbreviations are as follows: R° =
relative water content at turgor loss point; ^

= osmotic potential at zero turgor;

xj/l00 = osmotic potential at full turgor; and e° = bulk modulus of elasticity
(determined at the point of turgor loss).

Species

Variable (units)

R° (%)
(MPa)
t l 00 (MPa)
e° (MPa)

Tamarix (231

Salix (26)

Populus (311

0.79 ± 0.01"

0.78 ± 0.01“

0.83 ± 0.01b

-2.92 + 0.09“

-2.56 ± 0.09b

-2.28 ± 0.08°

-2.38 ± 0.08“

-1.95 ± 0.08b

-1.77 ± 0.07b

4.44 + 0.39“

4.84 ± 0.37“

5.44 ± 0.34“
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Salix and Populus values were not significantly different. There were no
significant differences among species for bulk modulus of elasticity (e°), but the
aforementioned trend in water relations characteristics was also indicated for this
variable, with Tamarix exhibiting the greatest and Populus the lowest elasticity.
Leaf tissue carbon isotope discrimination (Ac) was used as an indicator of
water use efficiency (WUE), with higher values of Ac a manifestation of lower WUE
in plants. For four riparian taxa occurring across a variety of sites in both the
Colorado and Bill Williams River floodplains, Ac was positively correlated with^m£n,
negatively correlated with E, and showed no significant relationship with g (Fig.
II-9). High Ac values in Salix and Populus were associated with less negative \J/min
and lower E, while lower Ac values in Tamarix were indicative of lower \pmin and
higher E. Analysis of variance and Student Newman-Keuls multiple range tests
showed that Tamarix Ac (19.85 + 0.29°/oo) was significantly (F = 6.98; P <

0.005; 3,47 df) lower than in any of the other taxa examined (i.e. 20.89 ± 0.13°/00
in Salix. 20.90

± 0.28°/oo in

Populus. and 21.45 ± 0.49°/oo in Tessaria1). Besides

exhibiting the highest Ac values, Tessaria also demonstrated high correlation of Ac
with g (r = -0.95, P < 0.05) and E (r = -0.98, P < 0.05).

Vegetation Community Structure

Colorado River plots showed high relative cover and relative frequency for
Tessaria. Tamarix and Salix (Fig. 11-10). Prosopis pubescens. Baccharis glutinosa.
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and Populus were represented in the riparian community, but at lower relative cover
and relative frequency percentages. Although juvenile Populus were present on ca.
1% of the Colorado River plots, this species was represented largely by senescent
individuals. The largest proportion of Salix were also senescent individuals, but
adult and juvenile segments were clearly identifiable for this species. Based on
relative cover, Tamarix and Salix are dominant in the Bill Williams River riparian
community. Populus and Salix appear to have increased importance in the Bill
Williams River floodplain relative to that on the Colorado River. For Bill Williams
River Populus. the juvenile and adult population segments are much more wellrepresented than on the Colorado River. While these population segments are also
present in the Salix age structure for the Bill Williams River, the proportion of
senescent individuals in this population is greater than for the Colorado River.
Detrended correspondence analysis (DCA) was used to produce ordinations
of 97 stands of riparian vegetation, and 21 perennial plant taxa and demographic
classes on these plots, throughout the Bill Williams and Colorado River floodplains.
The data which were subjected to this analysis were the sample plot cover classes
for these taxa. The first axis derived from this ordination had an eigenvalue of
0.411; the second axis eigenvalue was 0.231; a third axis had an eigenvalue of
0.170; and the fourth ordination axis eigenvalue was 0.127. Thus, the first two
ordination axes would explain ca. 64% of the variation in the community analysis
data set, with the addition of the third axis bringing this to ca. 81%. Subsequent
correlations with environmental and physiological parameters indicated that the

fourth axis tended to duplicate the interpretation of the first axis. Because of this
and the fact that a diminishing variance component would be explained by adding
the fourth axis, it is not considered further in this analysis.
The species ordination suggested community organization along both
moisture and community maturation gradients (Fig. 11-11). There was a tendency
for hydrophytic and mesophytic taxa to have higher values along ordination axis 1
and for more xerophytic taxa to have values near zero. Examples of taxa which
would fit this model include Prosopis pubescens. Atriplex lentiformis. and Tessaria
having values < 100 on the first axis, and Tvpha latifolia. and juvenile Salix and
Populus having values > 100 on this axis. Although DCA axis 1 may provide
evidence for a regeneration trend with senescent Salix and Populus tending to have
lower weights on this axis than juvenile classes for these taxa, this is more clearly
indicated by the second ordination axis. Higher second axis loadings were
characteristic of senescent members of the Salicaceae relative to juvenile age classes.
Additionally, a regeneration trend is suggested by the presence o f ruderal (Suaeda
torreyana and Tessaria-) and late successional (Prosopis spp.) taxa near opposite
extremes of this axis.
Indications that the first DCA axis represents a moisture gradient is strongly
suggested by an ordination of stands (Fig. 11-12). With few exceptions, stands from
the Bill Williams River are segregated from Colorado River vegetation plots.
Exceptions to this separation of samples from the two river systems include stands
from the Topock Marsh vicinity of the Colorado River floodplain which are known
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to have shallow water tables and are clustered on the ordination with Bill Williams
River stands. Evidence for the first ordination representing a moisture gradient is
reinforced by the significant correlation of the first DCA axis with depth to water
table, 0 „ and 0 (Table II-7). Based on correlations with electrical conductivity
(EC), total dissolved solids (!ID S), and N 0 3, there are indications that the first
ordination axis may represent salinity and nutrient gradients as well. The second
DCA axis was correlated only with soil N 0 3, a finding consistent with indications
that this represents a regeneration axis. The addition of a third stand ordination axis
to the first two axes (Fig. 11-13) shows how disturbance may also be important in
riparian community organization. Stands that showed evidence of recent burning
tended to have lower values along DCA axis 3 than stands not exhibiting signs of
such disturbance. The negative correlations of soil P 0 4 and PPFD with this axis are
consistent with the fire disturbance attributes of this axis, but the positive correlation
of EC is not.

DISCUSSION

Site Characteristics

Differences in site physical characteristics were distinct between the two river
systems studied, but within each system such differences were less well-defined.
The Colorado River possesses nearly all of the downstream physical effects which

110

TABLE II-7. Detrended correspondence analysis (DCA) axis correlation with
physical and physiological variables. Spearmann rank coefficients (p) with
probability of correlation statistical significance indicated by * (P < 0.05) or ** (P
< 0.005).

DCA Axis

Factor

Water table depth 4
©i

1

2

3

-0.64**

-0.01

-0.35

0.85**

0.40

-0.07

ECS

-0.50*

-0.26

0.56*

TDSW

-0.80**

-0.41

0.36

no3
po 4

0.59*
-0.32

0.68**

-0.37

0.07

-0.66*

imax

0.46*

0.42

-0.32

'Pmin

0.67**

0.42

-0.15

-0.38

-0.58*

PPFD

-0.43
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FIG. 11-13. Ordination of Colorado and Bill Williams River stands against the first
three DC A axes. Plots showing evidence of recent fire are denoted "B," while those
showing no evidence of burning are marked "N ."
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are characteristic of impoundment on alluvial ecosystems (Williams and Wolman
1984). Such effects were less pronounced for the Bill Williams River and its
floodplain. The pattern o f discharge regulation in the Colorado River upstream
profoundly affected surface- and groundwater dynamics in the vicinity of the study
sites. For the study period, the Colorado River hydrograph at the USGS gauging
station closest to these sites (Fig. II-2) varied little from long term trends. High
variation in flows over monthly and annual periods were characteristic of this
ecosystem. The greatest discharges occurred in midsummer and the lowest flows
were found during the winter, in response to human water demands. The peak
monthly median discharge was nearly 3X the lowest monthly median during both
years o f investigation. The variability of daily discharge over individual monthly
periods was similarly high, ranging to > 200 m3/s in some months. Months with
high ranges of flows occurred somewhat irregularly over the annual discharge
cycles, appearing to be as closely associated with lower mid-winter flows as with
higher summer flows. This discharge pattern differs from the late winter and spring
climaxes in flow and its seasonal variation which characterized the Colorado River
hydrograph prior to the construction of upstream impoundments.
The midsummer peak in groundwater elevation near the Colorado River
floodplain study sites closely resembles the pattern for surface flows, demonstrating
the presumed linkage of the river and the alluvial aquifer. Higher groundwater
levels during the summer months also contradict the presumed pristine pattern where
increasing evapotranspiration and reductions in runoff would have tended to depress

113
water tables during the summer months. Throughout most of the study, mean
monthly water table depths ranged between 3 and 4 m beneath the alluvial surface.
Records of within-month temporal variation were not taken at the study area
piezometers, so it is uncertain if aquifer fluctuations on a temporal basis would
duplicate the monthly ranges depicted for the Colorado River hydrograph.
However, diel variation in ground water depth appeared to track diel discharge
fluctuations (pers. obs.), indicating that the connection between surface flows and
water table depth was close. The standard deviations associated with monthly mean
water table depths (Fig. II-3) describe spatial variation from three piezometers
located < 2 km from the Colorado River study sites. Spatial variability was
consistently high throughout the year. Low values for 0 in the surface alluvium of
Colorado River study sites were most likely the result of the depressed floodplain
water tables, the lack of moisture replenishment by flooding or groundwater
encroachment, low precipitation, and high potential evapotranspiration of the study
area.
The curtailment of flooding and consequent leaching of water soluble soil
elements contributed to the higher values for Na, K, Mg, Cl, S 0 4, and NH4 ions in
the Colorado River study site alluvium (Table II-1). This also contributed to high
electrical conductivities (EC) and saturation percentages (Sat. %) in Colorado River
soil extracts. Boron, Ca, and NH4 concentrations were high, and F, C 0 3, N 0 3, and
P 0 4 concentrations were low relative to one, but not both, of the Bill Williams River
sites. Thus, the Colorado River alluvium can be depicted as high in salinity and

114
marginally low in nutrient status. It appeared that soil element concentrations in the
upper 30 cm of the soil profile contributed most strongly to this pattern (Fig. II-6).
It remains unclear whether salinization of the Colorado River floodplain has
stabilized (Gellis et al. 1991), or if the process is ongoing. The lack o f flooding
together with vegetative stabilization o f floodplain erosion in this ecosystem would
help explain an equilibrium phenomenon. However, other factors which could
contribute to dynamic salinization include drainage from upstream domestic and
agricultural water use, evaporative concentration in reservoirs, continued
solubilization of marine shales, and Tamarix salt exudation and leaf litter
accumulation. Apparently, soil elements do not disperse uniformly throughout the
alluvium profile because infrequent precipitation and groundwater encroachment into
the unsaturated zone rarely provides a medium for aqueous transport.
Declines in discharge to the point that flow is not detectable have been
relatively infrequent throughout the period of record for the Bill Williams River.
However, this may be partially attributable to the movement of the USGS gauging
station downstream to its present location. Although flow curtailment was reported
in both study years (Fig. II-2), this was more likely to affect the downstream sites
where the gauge was located, than the upstream sites where flows diminished but
were detectable throughout most of the study period. Because of upstream
regulation, flows on the Bill Williams River were relatively stable. This may also
be somewhat anomalous, since the hydrograph appears to have reached flood stage
frequently in the historical record. Despite this, the higher winter to spring

115
discharge characteristic of the study period is similar to hydrographic data from the
past.
Mean monthly depths to the water table at Bill Williams River alluvial study
sites were up to 2.8 m less than those for the Colorado River (Fig. II-3). Mean
water table depths tracked the Bill Williams River hydrograph in a pattern
approximating the inverse of that for the Colorado River. Groundwater depths were
< 3 m beneath the alluvial surface at all times, and < 2 m over much o f the study
period. This is indicative of a degree of resilience of the alluvial aquifer to instream
flow curtailment in the Bill Williams River channel. Although the monthly water
table depth standard deviations were considerably lower for the Bill Williams River
than for the Colorado River, there was a tendency for these values to increase
throughout the growing season. This appears to be attributable to increased spatial
variability arising from groundwater depression at downstream sites while upstream
sites remained relatively stable. This trend is perhaps best visualized by the
examination of volumetric water contents at Bill Williams River floodplain sites
(Fig. II-4). Although both downstream and upstream sites had lower mean Qd at 30
cm, the increases in this parameter which were associated with increasing depth at
the upstream site were not in evidence at the downstream site. In this respect, the
latter site resembled the Colorado River sites, where severance of alluvial surface
soils from aquifer moisture sources is highly probable. Such separation is likely to
be more transitory in the Bill Williams River floodplain than in the Colorado River
floodplain, however.

116
The small soil textural fraction with particle sizes > 2 mm for the Bill
Williams River alluvium is considered unlikely to affect hydrological or chemical
properties of these soils. The presence of this textural class, taken in conjunction
with hydrographic data, provide evidence for recent overbank flooding and
associated alluvial transport of large-grained materials in the Bill Williams River
floodplain, but not along the Colorado River where this alluvium fraction was not
detected. Significantly higher amounts o f sand at the Bill Williams River upstream
sites relative to downstream sites may help to explain some of the differences in
alluvium elemental analysis results between these sites, in that sand particles provide
less interface surface area for adsorption than do particles of smaller diameter. The
apparent infrequency of water table incursion into the unsaturated zone may also
reduce the degree to which leaching affects soil elemental composition at
downstream sites. Consequently, every soil constituent measured had a higher mean
value at the downstream sites than at the upstream sites (Table II-1).
With the exception of N 0 3, the Bill Williams River upstream sites had the
lowest mean concentrations of all soil elements taken from the two river systems.
While the two Colorado River site alluvial samples tended to have high mineral
concentrations, the Bill Williams downstream sites had values approaching or
exceeding means for the Colorado River for B, F, C 0 3, NH4, and P 0 4. For the
downstream site, several soil chemical constituents had positive standard scores (Fig.
II-6). Notable among these are the tendencies for P 0 4 and pH to be high throughout
the profile, and the high values in the 30 cm depth for Sat. % and N 0 3. The
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surface alluvium of the Colorado River may thus be categorized as highly saline
relative to that of the Bill Williams River, although reduced leaching, and possibly
textural differences, may have caused certain elements to become concentrated at
downstream sites on the Bill Williams River.
In some ways, the analysis of groundwater samples appears to run counter to
a clear depiction of the Colorado River being the more saline environment relative
to the Bill Williams River (Table II-2). Only Ca, Mg, and S 0 4 concentrations had
higher mean values in Colorado River floodplain water samples. Mean total
dissolved solids (TDS) and electrical conductivity (EC) were also higher in Colorado
River samples. However, Na, K, H C 03, and Cl all had higher means for the Bill
Williams River groundwater samples. The fact that Colorado River EC values
tended to be high and were positively correlated between alluvium and groundwater
tends to confirm that this is indeed the more saline ecosystem. Although Colorado
River soils had high mean Na concentrations, there were significantly higher Na
concentrations and sodium adsorption ratios (SAR) in Bill Williams River
groundwater. Despite this, the Bill Williams ecosystem does not show evidence for
phytotoxic levels of Na which are characteristic of more sodic environments.
The salinity of study site soils and waters can be compared with controlled
experiments conducted upon seedlings of riparian woody taxa (Jackson et al. 1990).
It should be noted that established individuals may possess phreatophytic uptake
mechanisms, not present in seedlings, which enable them to avoid absorption from
the most saline portions of the alluvium profile. Alluvium EC at Colorado River
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sites (Table II-1) exceeded the equivalent salinities shown to reduce vigor in Populus
and Salix. Tamarix and Tessaria appear to be within their salt tolerance limits at all
sites, as do Prosopis sp. Soil EC was lower than the level where vigor declined in
Populus and Salix at the Bill Williams River upstream sites. Although this may also
be true for the downstream sites where mean EC was ca. 5 dS/m, clear signs o f salt
stress were indicated at equivalent salinities exceeding 9 dS/m in these taxa (Jackson
et al. 1990). Electrical conductivity and TDS measurements indicate that
groundwater salinities are beneath these salinity thresholds in both river systems
(Table II-2).

Nutrient Uptake

Variation in leaf tissue nutrient levels in natural vegetation is often less than
in soil samples because rapid growth on fertile sites may dilute the tissue nutrient
pool whereas concentration effects may occur on infertile sites (Chapin 1980).
Differences in leaf element concentrations tended to follow a halophytic-glycophytic
dichotomy (Table II-3). Responses of Tessaria to saline soils in the field in this
study taken in conjunction with the analysis of Jackson et al. (1990) favor the
classification of this species with Tamarix as halophytic. These responses are
distinct from those demonstrated in the glycophytic species of the Salicaceae. Many
of the findings reported here are consistent with established differences in
physiological adaptations between halophytes and glycophytes (e.g. Green way and
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Munns 1980). While there was interspecific variation in the tissue concentrations of
the principal macronutrients, differences in leaf N and P appeared to be more
statistical than biological in nature (Table II-3). There was little evidence for strong
association between tissue N or P and concentrations of these elements in the
alluvium (Table II-4).
Although mineral nutrients move in ionic or complexed form via both mass
flow and diffusive processes (Clarkson and Hanson 1980), the former process might
be favored in phreatophytes with high transpirational demand and also for elements
which tend to concentrate in the groundwater. Because groundwater concentrations
o f several nutrients were not measured, it remains uncertain if the aquifer could
serve as the principal source. However, most measured elements are found in more
dilute concentrations in groundwater (Table II-2) than in the soil solution (Table II1). Because of this, uptake associated with mass flow to meet transpiration losses is
thought to be only partially capable of meeting plant nutrient requirements (Chapin
1980).
Previous physiological research has been directed at elucidating the salinity
responses of Tamarix. but the other taxa have not received this type of attention.
While glycophytes generally rely on ion exclusion at the root endodermis, Tamarix
is thought to survive in saline soils by maintaining high uptake o f ions in conjunction
with salt extrusion, cellular compartmentation, and utilization for osmoregulation or
C 0 2 concentration (Greenway and Munns 1980, Waisel 1991a). Tamarix possesses
salt glands which excrete a salty exudate, but also appears to use ions for turgor
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maintenance at low water potentials. Sodium, Ca, and Mg were highly concentrated
in Tamarix cladophylls, while K was not (Table II-3). The possibility that Tamarix
utilizes both aquifer and soil water uptake sources (Chapter III) would be supported
by evidence that nutrient uptake also comes from both sources. The ions appearing
in higher concentrations in Tamarix leaf tissue were all positively associated with
concentrations in the alluvium or groundwater (Table II-4). Thus, there is
substantial evidence for a lack of selectivity of ion uptake, concentration, and
excretion, as was predicted in Tamarix solution culture experiments (Berry 1970,
Kleinkopf and Wallace 1974). Although Tessaria did not appear to concentrate
either Ca or Mg, high Na and low K leaf concentrations are similar to findings for
Tamarix. The observation that Tamarix uptake of Na at high root zone
concentrations appeared to decrease K uptake (Kleinkopf and Wallace 1974) appears
to be confirmed here for both this species and Tessaria. This suggests that these
taxa probably use Na for osmotic balance in addition to, or as a replacement for, K.
An opposite strategy is suggested for Populus and Salix. Both of these
glycophytes showed evidence of Na exclusion combined with apparent concentration
o f K (Table II-3). Interspecific differences make it more difficult to compare Ca
and Mg leaf concentrations in these taxa with the halophytes, as Salix had the lowest
mean leaf tissue concentrations of these elements of the four species examined and
Populus had higher concentrations of all cations. There are common tendencies
among species toward association of leaf concentrations of Ca with the alluvium,
and leaf concentrations o f K with groundwater (Table II-4). Despite the evidence
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for Na exclusion in Salix. there is evidence that both alluvium and groundwater
concentrations of this cation tend to positively influence concentrations in the plant.
There is also evidence that groundwater K is more closely associated with uptake in
this species than are levels of this element in the alluvium. Although this evidence
is strictly correlative, it does support classification of Salix as a phreatophyte, as has
research using stable isotopes of water (Chapter III). However, maintenance of a
substantial root biomass above the presumed water table uptake source (pers. obs.)
indicates that nutrient uptake may not be so easily segregated.
Certain micronutrient leaf tissue concentrations were notable (Table II-3).
Perhaps most so was the high mean concentration of Mn in Salix leaves. Although
alluvium concentrations of this element were not measured, sympatric taxa did not
exhibit high Mn leaf tissue concentrations. Tissue dry weight concentrations >
1,000 ng/g are approximately 3X that reported in Salix wood (Choong et al. 1976)
and are 1 - 2X the maximum values normally found in plant tissue (Clarkson and
Hanson 1980, Jeffrey 1987). High Mn (ca. 2,000 /xg/g) in floodplain Salix nigra
leaf tissue has been associated with acidic or reducing soil conditions (Wallace et al.
1982). Manganese absorbed from Salix adventitious roots tends to be immobilized
in leaves and branches closest to the point of uptake, while Mn from deeper sources
is more evenly distributed (Nadkami and Primack 1989). Such uptake patterns have
been implicated where absorption of mineral nutrients is unfavorable due to soil
saturation and anaerobic conditions, but it is unclear why this element would be
found at potentially phytotoxic levels. Although low redox potentials near a
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presumed capillary fringe uptake source are certainly plausible, none o f the study
sites were characterized by low soil or groundwater pH (Tables 1 and 2). Other
elements (e.g. Fe) likely to become more soluble in reduced state (Cumming and
Taylor 1990) were not detected in Salix leaf tissue and high Mn was not reported for
the other phreatophytic taxa. Stiles (1961) noted the great divergence among species
in regard to their absorption of Mn. While this appears to be characteristic o f the
woody riparian taxa studied, mechanisms associated with the high Mn concentrations
in Salix leaf tissue remain an enigma.
Calcium concentration in Tamarix cladophylls was high in spite o f high Na
concentrations (Table II-3). This may indicate adaptations for the maintenance of
selective permeability of plasma membranes to potentially toxic elements in this
species (Cumming and Taylor 1990). In contrast to the adaptations o f glycophytic
crops, Tamarix is known to be tolerant of B levels somewhat in excess o f those
found on Colorado and Bill Williams River study sites (U.S. Salinity Laboratory
Staff 1954). Boron was among the elements enriched in Tamarix salt gland exudates
(Berry 1970), so it would appear that an excretion mechanism may enable Tamarix
to tolerate B. Low B concentrations in Tamarix leaf tissues relative to other riparian
woody taxa support these indications. It is uncertain why Zn leaf tissue
concentrations were elevated in the Salicaceae and Tessaria showed elevated Cu
concentrations relative to the other taxa investigated as well as higher plants in
general (Clarkson and Hanson 1980). Both elements are known to stimulate the
synthesis of phytochelatins and so plants adapted to detoxify Zn or Cu may exhibit
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lower biotically-effective leaf tissue concentrations of these elements (Cumming and
Taylor 1990, Steffans 1990).

Tissue-level Water Relations

Water relations characteristics derived from pressure-volume analyses (Table
II-6) provide convincing indications o f potential adaptations favoring Tamarix
competitive status and the persistence of Salix in perturbed ecosystems. Studies of
temperate deciduous hardwoods indicate that acclimation to water deficits are made
through adjustments in osmotic potential (\p j rather than changes in cell wall
elasticity (Tyree et al. 1978, Dawson 1990, Dreyer et al. 1990, Ranney et al. 1990).
However, osmotic adjustment may result in potentially maladaptive solute
concentrations through water loss or membrane damage (Morgan 1984). Trees
capable of accumulating solutes have been shown to maintain turgor and high leaf
conductance (g) as tissue water potential (\p) declines, while others can maintain
turgor only through stomatal closure (Osonubi and Davies 1978). Although the bulk
modulus o f elasticity (e) may be relatively static in woody taxa, interspecific
differences in this parameter may be important in riparian plant responses to water
or osmotic stress. Low e values (high elasticity) allow the maintenance of turgor as
tissue \p varies and may be of physiological or ecological advantage where there are
short-term environmental fluctuations; high e values ensure that changes in water
content and cell solute concentration are relatively small due to the establishment of
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larger \p gradients (Zimmermann 1978). Although it may be argued that either high
or low e confers desiccation tolerance, tissue inelasticity is thought to be
advantageous in maintaining water uptake in xeric environments (Monson and Smith
1982, Abrams 1988, Abrams et al. 1990).
Generalized depiction of riparian plant taxa as intolerant of water stress
appears to be inaccurate. Winter-deciduous desert phreatophytes, including Prosopis
glandulosa. exhibit tissue water relations values which are roughly equivalent to
those of xerophytic desert shrubs (Nilsen et al. 1984). Although measurements of
osmotic potential at saturation (\pl°°) and at the point of turgor loss (\p°) in Tamarix
(Table II-6) do not approach those reported for Prosopis in that study, they are
significantly lower than those measured in Salix and Populus. This would provide a
clear competitive advantage to Tamarix where water uptake and transport must be
maintained by steep

gradients due to high soil salinities or water table depression.

High tissue solute levels in this species (Table II-3) are presumably involved with
the adaptations of this species to generate low

While not statistically separable

from values measured in the Salicaceae species, mean e° was lowest in Tamarix.
High tissue elasticity would not be beneficial in achieving a steep gradient in \{/, but
it may be advantageous over short-term changes in water availability from
groundwater fluctuations associated with diel discharge variation on regulated rivers.
Measurements of \J/!f° and \p° in Populus and Salix in this study (Table II-6)
are within ranges of values reported from Populus and Salix taxa growing in mesic
environments (Tyree et al. 1978, Tschaplinski and Blake 1989, Dawson 1990, Gebre
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and Kuhns 1991). Values for the relative water content at the turgor loss point (R°)
determined in this study tended to be lower for Populus here than in other Populus
species, while R? was roughly equal to other Salix species measured. This may be
an indication that Populus fremontii has diverged somewhat from other members of
its genus in terms of its ability to function at lower water content without lowered \p.
O f special interest are the interspecific differences in tissue water relations
parameters between Salix and Populus. Lower \pT would tend to favor Salix
persistence over Populus in more saline or moisture-stressed environments. Lower
iPl00 and \p° in Salix relative to Populus confirm this mechanism for the ecosystems
analyzed here. Thus, similar to Tamarix. Salix may possess a competitive
advantage over Populus in salinity- or moisture stressed environments by
maintaining turgor at lower values of \p. Leaf tissue element data showing
uniformly lower concentrations of osmotically active elements in Salix relative to
Populus and Tamarix. (Table II-3) suggest that these taxa develop low \(/r
differently. While Tamarix may osmoregulate by effectively utilizing inorganic
ions, Salix may osmoregulate primarily via organic solutes. Although the lack of
high leaf ion concentrations is not confirmation of this mechanism in Salix. organic
solute accumulation has been demonstrated in the Salicaceae (Tschaplinski and Blake
1989). As in Tamarix. maintenance of turgor at lower values of yp in Salix support
putative adaptations to operate under conditions of reduced moisture availability,
while higher tissue elasticity appears adaptive where water availability fluctuates
rapidly.
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Whole-plant Water Relations

Relating tissue-level water relations data to the ecological tolerances of
woody species is subject to potential error, but it is clear that those that maintain
turgor through osmotic adjustments or cell wall elasticity possess adaptations for
maintaining stomatal opening under conditions of reduced moisture availability
(Osonubi and Davies 1978, Abrams 1988). Predawn and midday \J/ levels were
significantly lower in Tamarix from the Colorado River than in plants at Bill
Williams River upstream sites (Fig. II-8). Comparably low \p was previously
reported for Colorado River Tamarix (Gay and Sammis 1977), although \p appears
to be maintained at a much higher level in this species in New Mexico (Wilkinson
1972, Anderson 1982). Bill Williams River downstream site Tamarix showed a
seasonal decline in both \pniax and \pmin from levels approximately equivalent to those
from the Bill Williams River upstream sites to levels approximating those at the
Colorado River control sites. Low \p in Tamarix at these sites appeared to be
tolerated with vigor, based on other physiological parameters measured.
Nonetheless, Tamarix functions at ip levels closely approaching the turgor loss point
as determined in pressure-volume analyses (Table II-6). The plants used in these
two types of analysis were likely to have been subjected to disparate soil salinity or
moisture concentrations over the period of their establishment and growth. Thus,
Colorado River Tamarix may have acclimated to higher salinities by altering xp1™or
osmotic adjustment capabilities relative to plants from Las Vegas Wash. Nilsen et
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al. (1983) reported that Prosopis obtained water from groundwater sources 4-6 m
beneath the soil surface and reached \J/ and if/° of ca. -5 MPa and -4 MPa,
respectively. This suggests that this species might compete successfully with
Tamarix where water tables are receding. However, more restrictive germination
requirements and relatively slow seedling growth in Prosopis (Stromberg et al. 1991)
may considerably reduce this potentiality in southwestern riparian ecosystems.
All taxa demonstrated a tendency toward midmoming peaks in g, with
afternoon declines which varied among species (Fig. II-7). However, E increased
throughout the day, tending to reach maximal values in the early afternoon in
conjunction with maximum daily leaf-to-air vapor pressure deficit (VPD). In
Tamarix. intersite differences in g were minimal, although the Bill Williams River
upstream sites tended to have higher midday g than did the downstream sites. This
is an indication of potential stomatal limitation to gas exchange resulting from the
seasonally lower \p at downstream sites. Transpiration was substantially higher for
Colorado River Tamarix than it was in individuals of this species at the Bill
Williams River sites. Higher VPD's are likely for the Colorado River due to
reduced surface soil moisture and tree canopy cover which would result in localized
humidity differences. Such differences would explain the disparity in E despite the
similarity in g between the river systems. Gay and Sammis (1977) and Anderson
(1982) demonstrated similar diurnal responses in Tamarix g , but these responses
were associated with more immediate declines in E.
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Although stomatal control of transpiration may improve plant water use
efficiency (WUE), Tamarix has previously been characterized as possessing
inherently low WUE (e.g. Anderson 1982). This characterization has also been
applied to arid land phreatophytes in general (Smith and Nobel 1986). Thus,
indications based on an interspecific comparison of Ac, that whole-plant WUE in
Tamarix was the highest of the woody riparian taxa investigated, are of note.
Carbon isotope fractionation in halophytes under elevated salinities may occur both
through diffusional processes and through carboxylation in the leaf (Farquhar et al.
1982). Concurrent measurements of photosynthesis and E have shown that
increasing salinity causes higher WUE due to reduced E and generally stable C 0 2
assimilation (McCree and Richardson 1987, Plaut et al. 1990). Although salt
excretion may prevent solute concentrations from reducing E at the evaporative
surface, Tamarix E does decline under conditions of high salinity and high VPD
(Mace 1971, Hagemeyer and Waisel 1989). Evidence of stomatal control of E near
midday in Tamarix indicates that this is a plausible mechanism, but nonstomatal
regulation is not ruled out. An hypothesized dichotomy between halophytes without
solute-excreting mechanisms that could reduce salt uptake by decreasing E and
increasing WUE, and those with salt glands which would tend to have lower WUE
(Guy et al. 1989), does not appear to be supported. Even though extensive
comparisons of halophytes were not made, Tamarix WUE was significntly greater
than that in Tessaria. the other halophyte investigated and one that is not known to
excrete salts.
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Water potentials in Populus and Salix growing on Colorado and Bill Williams
River sites (Fig. II-8) did not approach levels associated with the loss o f turgor in
pressure-volume analyses (Table II-6). This is an indication that a margin for
positive turgor maintenance exists between rpl and \pmin. However, \p in study area
Salicaceae were substantially lower than those recorded in previous studies of these
riparian taxa (e.g. Smith et al. 1991). Less negative values for \pv in Populus would
presumably place this species closer to its tolerance limits on the Colorado River
where osmotic stress is likely to be greater and moisture availability poorer.
Although late growing season \pmin in Salix. and yp ^ in both Populus and Salix.
tended to be lower in downstream site individuals relative to those from upstream
sites on the Bill Williams River and more negative on Colorado River sites than on
Bill Williams River sites, intersite differences were minimal. This suggests that
stomatal regulation may play an important role in maintaining \p at relatively high
levels. Morphological changes may also affect plant water status, as discussed
below, but changes in \p at the leaf level may be minimal. Senescing hardwood
leaves have been shown to maintain turgor by decreasing stomatal conductance (Gee
and Federer 1972), and this may also affect g in plants that are senescent due to
moisture or salinity stress. Thus, variation in g may be more pronounced than that
in \p in riparian plants subjected to moisture or salinity stress.
Regulation of leaf conductance has been documented in productive Populus
clones as a moisture stress avoidance mechanism allowing maintenance of high
water potentials (Pallardy and Kozlowski 1981, Tschaplinski and Blake 1989) and in
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Salix species adapted to xeric ends of soil moisture gradients (Dawson 1990). Diel
patterns of g in Salix and Populus from Bill Williams River sites lend support to
stomatal regulation as a mechanism for maintaining \p (Fig. II-7). In both taxa,
lower g was characteristic of downstream relative to upstream sites over most o f the
diurnal period. However, on Colorado River control sites where water availability
was poorest, Salix g was substantially higher. This is potentially attributable to
more open stand physiognomy permitting higher mid-canopy radiation flux (PPFD),
or to vigorous growth in recently sprouted ramets at Colorado River floodplain sites.
Generally, stomatal responses in Salix and Populus appeared more monotonic than
those in Tamarix. Despite moderate diurnal declines in g, transpiration tended to
increase consistently throughout the day. Site differences in E for both taxa within
river systems were minimal, but for Salix. variation between the Colorado and Bill
Williams Rivers was clear even though it tended to follow the hierarchical pattern in
g. Whereas stomatal closure in response to increasing VPD appears likely in
Tamarix (Anderson 1982, Fig. II-7), between site differences in Populus and Salix
stomatal responses with below ground water or salinity stress suggest the existence
o f a hormonal root messenger.
The Salicaceae species investigated here had Ac values comparable to the
lower part of the range o f 8I3C for desert perennials (Ehleringer 1989). Carbon
isotope discrimination in Salix in this study also approximated that reported for Salix
exigua (Donovan and Ehleringer 1991). This suggests that WUE is indeed low in
southwestern riparian taxa relative to the xerophytes found in surrounding upland
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habitats. Across all species, the negative correlation of E with Ac suggests that
community WUE may be more strongly associated with photosynthetic biochemical
factors (Fig. II-9). A positive association between g and Ac would provide evidence
for stomatal control o f transpiration efficiency (Ehleringer 1990), but this is the
opposite of the trend demonstrated here. The correlation of \pmin and Ac appears to
be largely attributable to a high degree of salinity and moisture stress tolerance
combined with a relatively high WUE in Tamarix and the opposite in the Salicaceae.
This association summarizes some key traits of apparent importance in competitive
hierarchies within southwestern riparian ecosystems. However, low WUE in
Tessaria does not appear to hinder colonization of disturbed riparian habitats by this
species.
It has been suggested that individuals that conserve water may be at a
competitive disadvantage to those that do not possess high WUE (Davies and Zhang
1991). This implies differential adaptations in water uptake, with those taxa
possessing superior facilities for obtaining water also having lower WUE. This, in
fact, may apply well in pristine alluvial forest ecosystems. However, where water
has become decreasingly available due to hydrologic change, high plant WUE is
likely to become increasingly important. Higher WUE appears to be characteristic
of longer-lived adult woody perennials as opposed to shorter-lived or juvenile taxa
which tend to have lower WUE (Ehleringer and Cooper 1988, Donovan and
Ehleringer 1991). Although longevities are difficult to quanitify for clonal riparian
woody taxa, the apparent low WUE in Tessaria may be attributable to its rapid and
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vigorous sprouting in response to disturbance, and thus its status as a ruderal in
riparian communities. The hydrological and edaphic conditions permitting
germination and early growth of riparian taxa are likely to be altered substantially
over the life of perennial trees (Asplund and Gooch 1988, Stromberg et al. 1991).
Thus, taxa with low WUE (e.g. Tessaria'! may be at an advantage where alluvium
water availability is consistently favorable or unfavorable, while species with higher
WUE (e.g. Tamarix! are likely to have advantages where moisture supply varies
substantially on a temporal basis.

Morphological Responses in the Salicaceae

There were distinct differences in the morphological parameters measured
between Populus growing on upstream and downstream sites in the Bill Williams
floodplain (Table II-5). This was not the case in Salix. but differences between
river systems were pronounced in this species. Water stress can be responsible for
crown dieback due to xylem dysfunction (Tyree and Sperry 1989) or fungal damage
(Anselmi 1990). While the presence of possible diseases was not evaluated here,
crown dieback was noticeable in Salix on Colorado River sites and in Populus
growing on Bill Williams River downstream sites. Reduced community leaf area
together with effective stomatal control of water loss may allow established
individuals to maintain their canopies during periods of water deficit, but may have
long term effects in terms of riparian ecosystem function (Smith et al. 1991).
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Variation in shoot morphology has also been used to clarify successional status or
growth conditions in deciduous trees (Marks 1975). Such variation is likely to play
as significant a role as the water and salinity relations factors previously discussed in
determining plant productivity or competitive status, and ultimately in riparian
community structure. Although root: shoot resource partitioning or the allocation of
resources within the shoots were not evaluated, the data discussed here are
considered representative of the species-site combinations studied.
Salix leaf number was consistent across sites. This is characteristic o f plants
exhibiting determinate extension growth (sensu Marks 1975). In such species,
adjustments to water deficits are likely to occur through reductions in leaf area or
stem elongation. While mean leaf area was greater at upstream relative to
downstream Bill Williams River sites for Salix. this difference was not statistically
significant. Mean upstream site leaf area from the Bill Williams River was > 3X
that for Colorado River control sites. Similarly, Salix stem elongation varied little
between sites for the Bill Williams River, while mean elongation in upstream site
trees on the Bill Williams River was approximately 2X that of the Colorado River.
Thus, adjustments do seem to occur through variations in leaf area and stem
elongation as opposed to alterations in leaf number.

Between site differences in

stem elongation, leaf number, and leaf area all favored upstream over downstreram
sites for Bill Williams River Populus. Other Populus species have been described as
indeterminate in their extension growth with early senescence contributing to
decreased leaf production (Marks 1975, Waisel 1991b). Consequently, the variation
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in mean leaf number between downstream and upstream sites is not considered
unusual. Premature leaf abscission may have also caused leaf number to be reduced
at downstream sites. Despite this, adjustments to leaf area and stem elongation
appear to be among the mechanisms affected by water or salinity stress in Populus.
Water potentials did not vary substantially among sites in these taxa, thus
bringing into question the importance of ^ as a water stress transducer capable of
producing the morphological variation measured. Lower osmotic potentials and
reduced cell wall extensibility have been proposed as cellular mechanisms whereby
growth limitations can lead to the maintenance of turgor in plant leaves (Begg 1980,
Nonami and Boyer 1990, Roden et al. 1990). Salix had more negative \pv and also
lower e° relative to Populus in pressure-volume analyses (Table II-6). In addition to
lower tissue elasticity, the former species’ adaptations to adjust osmotically appears
to enable it to exist with little short-term morphological change due to water or
salinity stress on the Bill Williams River. This may also allow its persistence with
reduced leaf area and stem elongation on the Colorado River. The absence of such
capabilities may contribute to morphological declines which would lead to reduced
productivity and competitive status in Bill Williams River downstream site Populus.
and to its near-extirpation from the Colorado River over the long term.
Trends in specific leaf area (SLA) can be viewed in terms o f the adaptive
value that xeromorphy brings to trees in environments likely to produce osmotic or
moisture stress. Leaves with lower SLA are smaller in surface area, tend to be
thicker in cross section due to more extensive spongy mesophyll development, have
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lower maximum leaf conductances and fewer but larger stomata, and are thus better
suited for xeric habitats (Hinckley et al. 1989, Abrams et al. 1990). Lower SLA in
Bill Williams River downstream site Populus appears to be a clear developmental
trend toward xeromorphy due to drying soils or increased salinity. Stomatal
conductance averages were also lower during peak diurnal time periods for
downstream site Populus (Fig. II-7), so it is possible that reduced stomatal densities
produce this g response in this species. A similar morphological relationship exists
in comparisons of Salix between the Colorado and Bill Williams Rivers. However,
in this case g is higher in Colorado River trees with reduced SLA. The tendency of
Bill Williams River downstream site Salix to have greater SLA but lower g in
comparison to upstream site plants indicates that this species may rely more on
stomatal regulation than morphological adaptations. This would be consistent with a
presumed delay in the types of morphological response revealed in Populus due to
the apparently superior osmotic adjustment adaptations in Salix.

Competitive Relationships

Experimental clearing of Tamarix from around Salix thickets on the Colorado
River resulted in a marked growth response in shoots of Salix (Table II-5). Annual
stem elongation appeared to be limited in Colorado River Salix by interspecific
interactions which reduced this parameter relative to values characteristic of the Bill
Williams River. Following clearing, individuals on experimental plots demonstrated
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stem elongation values which were not significantly different from those on the Bill
Williams River. Although there was some variation in leaf number between
experimental and control sites, the determinate growth pattern characteristic of the
other sites did not appear to be altered by clearing of competing vegetation. Salix
leaf area means, which differed substantially between sites on the two river systems,
tended to increase following clearing. As with stem elongation, this is a potential
indication of release from water limitation. Conversely, SLA did not show evidence
of a similar response. Because this parameter also was not affected by water or
osmotic stress between the two classes o f sites on the Bill Williams River, it appears
that SLA may not change in response to the imposition of water stress over the
relatively short time periods of this experiment.
There was little evidence for altered rhizosphere moisture availability
following Tamarix removal. Experimental and control sites were interspersed too
closely to permit measurement of change to water table depths or river flows. No
differences in moisture content in surface soils were obvious (Fig. II-4). Clearing of
woody vegetation over spatial scales which were more intensive on a local level, and
more extensive regionally, indicate that aquifer and stream baseflow responses are
difficult to detect and may develop at nearly imperceptible rates over time (Weeks et
al. 1987, Allison et al. 1990). Measurable aquifer or stream recharge was not
expected from the relatively small-scale clearing described here. The lack of a soil
moisture response indicates either that increased phreatophytic uptake in the
remaining Salix prevented groundwater enhancement of surface soil wetness, or that
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residual evaporation rates depleted soil moisture at a rate comparable to uptake in
the vegetation formerly present on experimental sites. Because desiccated surface
soils and depressed water tables made substantial increases in surface evaporation
unlikely, augmentation of Salix moisture supply is suggested.
The scale of the experimental clearing and the density of the piezometer
network were also insufficient to detect variation in the water chemistry of the
Colorado River alluvial aquifer. Differences were detectable in elemental
concentrations of surface soils, however (Table II-1, Fig. II-6). While only K was
found in significantly greater concentrations throughout the surface soil profile in
cleared areas relative to controls, all of the elements and compounds studied tended
to be more highly concentrated in cleared site soils. It is doubtful that the slight
variation in macronutrients accompanying clearing would affect plant responses
markedly, but elevated salinities may be of importance in an already saline edaphic
environment. Salinization of riparian ecosystems has been associated with rising
groundwater levels following large scale vegetation clearing (Allison et al. 1990). It
is improbable that the aquifer near the experimentally cleared sites (mean depth > 3
m) would have affected the alluvium in the upper 1 m, but higher evaporation rates
in soils newly exposed to direct solar irradiation could have contributed to these
differences. Although removal of Tamarix and Tessaria shoots from the cleared
zone was as complete as possible, there is also a likelihood that foliage or litter with
high mineral concentrations (Table II-3) remained to contribute to the marginallyelevated salinities observed.
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Values of A c for the taxa affected by plant removal experiment provide
evidence for high WUE in Tamarix. low WUE in Tessaria. and intermediate values
in Salix. Competitive abilities have been linked to rates of water extraction in
aridland grasses (Eissenstat and Caldwell 1988). Studies suggesting competition for
water show that removal of neighboring vegetation tends to increase \p, but where
water availability is high \f/ may decline due to higher transpiration rates (Fonteyn
and Mahall 1978, Pothier and Margolis 1990). There is also evidence that \p may
remain stable in plants with access to groundwater sources following the removal of
neighbors (Manning and Barbour 1988). Although riparian taxa with low WUE may
or may not be at a competitive advantage as indicated in these studies, water
previously used by the other taxa should have become available to Salix in increased
amounts following clearing, given prior limitation of this resource. Because uptake
is largely phreatophytic in Salix and Tamarix (Chapter III), there was a possibility
that water status changes would not be manifested in Salix after experimental
clearing. However, the results showed minor but distinguishable increases in \p in
Salix on cleared sites (Fig. II-8). While differences in \pniax were slight, significant
late season differences (ca. 0.5 MPa) in \pmin favored experimental Salix over control
site individuals. Control site \p was within the apparent turgor maintenance limits
based on tissue water relations analyses (Table II-6), but differences of this
magnitude may nonetheless be important where plants are under moisture stress.
High g in Salix on experimentally cleared sites (Fig. II-7) coincided with the
maintenance of higher \p in these individuals. Leaf gas exchange responses could be
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affected by ^-mediated hormonal signals or by above ground influences. The
removal o f surrounding Tamarix should have acted to increase evaporative gradients
from remaining Salix individuals due to a higher energy input throughout the canopy
and the reduction of canopy boundary layer effects. Enhanced g on experimentally
cleared sites accompanied by assumed higher VPD between the leaf surface and the
atmosphere should therefore have been associated with increased E. Thus, it is
somewhat paradoxical that diel patterns in E on Colorado River experimental sites
would be nearly identical to those on control sites. However, scaling o f gas
exchange responses from the leaf level to the canopy or community is subject to
numerous sources of error (Jarvis and McNaughton 1986). In this study, the
influences of the porometer chamber on leaf boundary layers, temperatures, and
radiation loads may have overridden effects occurring at the stand scale.
Exposure of experimental site Salix to higher PPFD throughout much of the
tree crown occurred via the removal of the mutual shading effects o f neighboring
Tamarix. Stomatal responses to increased radiation flux may thus be implicated in
the higher g characteristic of cleared site Salix. This suggests that competition for
light is also likely to be a factor acting to structure southwestern alluvial forests,
particularly where Salix and Tamarix thickets overlap in space. Although tree
morphology appears to have evolved in response to competition for light, there is a
water cost associated with the maintenance o f height which appears to use

as a

proximal limiting factor (King 1990). The shorter thicket architecture characteristic
o f Colorado River Salix differs from a taller monopodial form on the Bill Williams
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River. This morphology is a likely result of decreased water availability, but may
also result in more intense competition for light with dense Tamarix thickets in
Colorado River habitats. In this respect, clearing can be viewed as lowering the
water cost of harvesting energy to drive photosynthesis in Salix. Although release
from a shade inhibition upon clearing o f Tamarix may have affected performance,
competition for subsurface water is still strongly implicated in riparian vegetation
community structure.
Competitive relationships in perennial woody plants are perhaps best
elucidated through long-term research including the evaluation of reproductive status
and population dynamics. While descriptions of competitive interaction have tended
to stress either the mechanism or the outcome of the interaction, combined
application o f demographic and physiological approaches would provide more insight
to community function (Bazzaz 1984, Silvertown 1987). Intra- and interspecific
competitive effects on desert shrub survival, reproduction, and growth have been
linked to various water relations parameters (Ehleringer 1984, Eissenstat and
Caldwell 1988). However, such integrative approaches are rare and those extending
beyond the period of establishment and juvenility appear to be nonexistant for woody
taxa. Consequently, short-term, mechanistic studies are the primary means of
evaluating competition in perennial plants. Studies of growth and water status may
be the only practical methods available for assessing the competitive status of longlived clonal taxa. Measurements of plant water relations have served to suggest
patterns of intra- and interspecific competition in communities dominated by woody
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perennials (Fonteyn and Mahall 1978, Manning and Barbour 1988). W ater relations
responses to tree thinning are most evident during the growing season immediately
following treatment (Pothier and Margolis 1990). Caldwell (1988) suggests that
only those changes occurring immediately following treatment in removal
experiments are of value in documenting interference between the root systems of
neighboring plants. Thus, ecophysiological approaches for evaluating plant
interactions can help document the existence o f interference, although such
approaches may have less value in evaluating how competition might be integrated
with resource limitations or long-term demographic trends.
Several responses in Salix to experimental clearing of surrounding Tamarix
were distinct during the first growing season following treatment. These responses
are consistent with the existence of interspecific competition in Tamarix-dominated
riparian communities. Competitive interactions among tall, clonal wetland plants in
high-biomass sites are likely to be intense and, in the absence of disturbance, likely
to result in monospecific stand dominance (Keddy 1990). This prediction appears to
apply well to southwestern riparian communities where Tamarix invasion, and a loss
of natural disturbance from flooding, have been associated with declines in native
trees. In this study, variation in Salix growth and water status parameters upon
clearing showed evidence of a release from competition with neighboring Tamarix
and possibly Tessaria. Preliminarily, southwestern riparian communities where
Tamarix has invaded appear to be structured along lines relating to competition for
water and light.
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Community Structure

Examination of the community importance of Populus reveals that extirpation
o f this former dominant is imminent in the Colorado River floodplain ecosystem
(Fig. 11-10). Canonical discriminant analysis of southwestern riparian community
types indicated a tendency for dominance of Salix on low-elevation sites and
codominance of this species with Populus at middle elevations (Szaro 1990).
However, it has been shown here that altered hydrologic or salinity factors are more
likely to be causative agents in such community patterns irrespective of elevation.
The tendency for anthropomorphic change to become more prevalent in riparian
ecosystems at the lower end of southwestern elevational gradients makes it probable
that elevation is simply intercorrelated with the mechanisms driving these patterns.
Tamarix and Tessaria are clearly dominant in the Colorado River floodplain, with
the former species extending its dominance to the Bill Williams River riparian
community. The niches occupied by Tessaria and Prosopis pubescens on the
Colorado River are presumably reduced on the Bill Williams River.
Review of the age structures of Salix and Populus populations reveal large
senescent segments on both the Colorado and Bill Williams Rivers. Despite this, the
presence of relatively large juvenile and adult populations in Salix along both rivers,
and in Populus on the Bill Williams River, demonstrates that ramet sprouting and
establishment is not infrequent on certain sites. Despite this, the presence of
juvenile cohorts in these populations cannot be taken as evidence for germination o f
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new individuals, because genets and ramets were not differentiated in demographic
community analyses. Clonal growth may effectively uncouple such plants from
environmental stresses, impacting highly sensitive stages of their life cycles but not
overcoming severe limitations to dispersal and colonization abilities (Neilson 1986).
Thus, Populus and Salix persistence may be facilitated solely by vegetative
mechanisms, suggesting that the likelihood of their regeneration in gaps within
floodplain landscapes is nil. Novel, single-dominant community types may be
formed as a consequence of human perturbation which deflects natural processes in
environmental mosaics (Whittaker and Levin 1977). Where other taxa such as
Tessaria or Tamarix are suited to colonize community gaps, their dominance in
riparian plant associations may be facilitated.
Direct gradient analyses are difficult to apply in wetlands due to hydrologic
variability, therefore indirect gradient analyses are thought to be superior for
characterizing vegetation-environment relationships in these types of habitats
(Benedict 1983, Paratley and Fahey 1986). Indirect gradient analysis of riparian
habitats of the Colorado and Bill Williams Rivers resulted in meaningful
relationships of physical and physiological variables with three community ordination
axes (Table II-7). Ordination analyses often result in combinations of attributes
which may suggest a cause for stand distribution patterns which is not initially
obvious from the geographic distribution of stands (James and McCulloch 1990).
While species adaptations relative to salinity stress were relatively clear, it was
somewhat more difficult to classify the Bill Williams versus the Colorado River
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floodplains in terms of study site salinity. Rank correlation analysis revealed that
the first DCA axis was negatively associated with gradients in moisture stress and
salinity, and positively associated with moisture availability and soil nitrate (N 03).
Negative correlations of the first DCA axis with alluvium and groundwater salinity
help to indicate the importance of salinity to riparian community structure.
Following this analysis, it is apparent that riparian species may be aggregated into
communities along lines of environmental salinity.
The second DCA axis was significantly correlated with alluvium N 0 3 levels.
Accumulation of organic matter in older riparian stands has previously been noted
(Johnson et al. 1976). This would support the interpretation of organization along
the lines of regeneration or maturity in riparian communities. Grubb’s (1977)
suggestion that ordination axes are likely to represent regeneration characteristics
rather than measurable features of the physical environment is also pertinent to the
interpretation of this axis. Riparian community structure along maturation or
regeneration lines would be consistent with the positive loadings against this axis of
species characteristic of mature riparian communities in addition to age classes
within Salix and Populus populations (Fig. 11-11).
The third DCA axis, which was negatively correlated with PPFD and P 0 4,
also appeared to be negatively associated with the occurrence of fire (Fig. 11-13).
This was interpreted as an indicator of the importance of burning to community
structure in the Bill Williams and Colorado River floodplains. However, the
positive correlation of this ordination axis with EC is not in accord with this
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inteipretation. Ecophysiological studies with mesophytic and riparian forest
communities demonstrate that increased PPFD and increased salinities are
characteristic of post-fire environments (Reich et al. 1990, Chapter IV). Thus,
while the importance of fire to southwestern riparian community structure is
apparent, intercorrelation of the third ordination axis with variables other than
burning confounds this interpretation somewhat. The site physical factors which
were correlated with ordination axes should be considered amenable to ecosystem
change associated with the invasion of Tamarix in riparian ecosystems (Vitousek
1990, Chapter IV). Thus, species and stand positions in relation to ordination axes
should not be viewed as fixed responses to exogenous forces, but should be viewed
in the light of potential feedback interactions among biotic and abiotic factors active
in riparian ecosystems.
Evidence of a generalist role for Tamarix in southwestern riparian
communities is suggested by its central location in the ordination of perennial
species (Fig. 11-11). Successful invaders are often characterized by their broad
niches with respect to resource use (Bazzaz 1986). While this alone should not be
taken as an indication o f a wide niche breadth, others have proposed a "generalpurpose genotype" for this species (Brotherson and Von Winkel 1986). The osmotic
and dehydration tolerances demonstrated here, taken together with potential nonphreatophytic water uptake (Chapter III), provide evidence for potential Tamarix
survival in desiccated or salinized riparian environments. This should be reflected
in the position of this species relative to ordination axes which are correlated with
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salinity or moisture. However, such tolerance does not preclude survival or high
vigor in more mesic or less saline habitats. Accordingly, Tamarix was not located
near the extremes o f the species ordination, suggesting that this species may
combine stress tolerance with adaptations promoting rapid growth in less stressful
environments. While not subjected to ecophysiological evaluation, Baccharis also
combines a central ordination location with relatively high importance on both of the
river systems evaluated, an indication of a potential generalist strategy in this native
ruderal shrub as well.
Halophytic adaptations and apparent low WUE were characteristic of Tessaria
and may help to explain its extreme position relative to the first ordination axis.
These adaptations probably relate to the apparent expansion of this species in
perturbed Colorado River riparian habitats, while its presence on the Bill Williams
River remains a subordinate one. A similar ordination location was common to
Prosopis pubescens but, because it was not evaluated ecophysiologically, little is
known about potential mechanisms acting in this species. Juvenile and adult Populus
occupied positions in species ordination space that tend to indicate a mesophytic or
even hydrophytic niche. Relative to the Populus positions, juvenile and adult Salix
were displaced slightly toward the halophytic/xerophytic pole o f the first ordination
axis. Osmotic adjustment, which appears to allow more vigorous growth responses
in this species relative to Populus. may thus be an important adaptation promoting
the persistence of Salix in more stressful riparian environments.
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SUMMARY AND CONCLUSIONS

The objective of this study was to determine to what degree water availability
and salinity were important to riparian plant community structure in the arid
Southwest. A comparison between adjacent alluvial ecosystems that were relatively
pristine (the Bill Williams River) and highly perturbed (the lower Colorado River)
was fundamental to this research. Comparison of representative Colorado River
control sites with interspersed experimental sites, from which surrounding vegetation
had been cleared from the bases o f Salix thickets, helped elucidate potential
competitive mechanisms acting to structure these communities. Several of the
community attributes and riparian population responses depicted here were
unforeseen and of note. Because of the distinct and long-standing differences
between pristine and perturbed ecosystems, certain physical and physiological
variation was somewhat predictable. Thus, comparisons were also made within the
Bill Williams River ecosystem between upstream sites, which appeared to support
healthy age structures and vigorous growth of the dominant native riparian taxa, and
those showing morphological or demographic indications of decline downstream.
Differences between these sites were more subtle and of shorter duration and helped
to more finely discriminate among potential causes for incipient physiological stress.
Tissue water relations characterisics and leaf elemental analyses showed that
Tamarix is likely to be tolerant of a relatively high degree of osmotic or water
stress. Based on carbon isotope ratios, it also had significantly greater water use
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efficiency than the other riparian taxa examined. Although these adaptations may
not be as beneficial where salinities are not elevated or water tables not depressed,
they were shown to be of value in perturbed situations. On the Colorado River,
halophytic adaptations allowed Tamarix to operate at lower water potentials but
higher leaf conductances relative to the other species and ecosystems examined.
While high water use efficiencies are not universally regarded as providing a
competitive advantage in situations where water is differentially available, they may
be beneficial in periodically moisture poor environments which are dominated by
species persisting by vegetative sprouting. Such characteristics are thought to confer
advantages to Tamarix in its role as an invader in riparian ecosystems. It appears
that Tessaria combines certain halophytic adaptations with low water use efficiency.
The latter trait would mean that this species occupies a different niche than Tamarix.
but one that also allows increasing dominance in perturbed low elevation
southwestern riparian habitats.
Growth and water relations responses to experimental clearing were
suggestive of competition between neighboring Salix and Tamarix. and possibly
Tessaria. in closed stands on the Colorado River. Although higher stomatal
conductance in experimental Salix individuals relative to controls may have been
attributable to enhanced photon flux following clearing, increased water potentials in
response to clearing and consideration of the water cost of height maintenance in
trees indicated that competition for moisture is likely to be intense as well.

149
The ecological roles for Populus and Salix in riparian ecosystems have
previously been considered somewhat uniform. However, it now appears that there
is a physiological basis for individualistic responses to riparian ecosystem
perturbation within the Salicaceae. Salix tended to exhibit tissue water relations
values that were intermediate between those of Tamarix. a salt-tolerant facultative
phreatophyte, and Populus. a mesophytic obligate phreatophyte. Because these taxa
may operate near the limits of their osmotic or moisture stress response capabilities
in low elevation southwestern habitats, this distinction may help to explain the
persistence of Salix and not Populus in saline and dessicated environments such as
the Colorado River riparian zone. Such adaptations may have also been responsible
for the lack of obvious morphological response in Salix in within-system
comparisons of short term stress associated with hydrologic change on the Bill
Williams River. Responses in Populus morphology and water relations were
significant and indicative of this species’ apparent low tolerance to moisture or
osmotic stress.
Moisture is clearly implicated as a variable to which riparian populations
respond. Distinct differences were evident in surface- and groundwater hydrology in
the two ecosystems, and species water relations characteristics tended to vary
according to these differences. The Colorado River ecosystem clearly offered the
more saline environment, but attenuation of Bill Williams River discharge may have
induced stress related to water table declines as well. This made separation of
physiological responses to osmotic stress from those associated with moisture stress
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difficult. Because high salinity and low water availability in plant substrates initiate
similar physiological response mechanisms, the effects of these stressors on riparian
populations and communities remain indistinct. Ordination analyses revealed that
the riparian communities of the Colorado and Bill Williams Rivers are structured
along gradients of response to both variables. However, the woody alluvial habitat
dominants of the Southwest do possess distinct adaptations for dealing with osmotic
and water stress. These adaptations contribute to differential persistence and
individualistic declines in perturbed riparian ecosystems. Interspecific
ecophysiological variation is also likely to explain community dynamics along
competitive hierarchies which may have intensified due to hydrological perturbation
in such systems.
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CHAPTER HI

WATER UPTAKE IN WOODY RIPARIAN PHREATOPHYTES OF THE
SOUTHWESTERN U.S.: A STABLE ISOTOPE STUDY

INTRODUCTION

Phreatophytes, by definition, are dependent on groundwater as a moisture
source. However, the extent o f this dependence is often unclear. Taxonomies using
modifiers to this descriptor such as "facultative" and "obligate" (Reed 1988) have
tended to blur the somewhat vague distinction between phreatophytic and mesophytic
vegetation. An understanding of water sources for riparian plant associations is also
complicated by naturally-occurring hydrologic dynamics in alluvial ecosystems.
Furthermore, impoundment and off-channel water diversion typically result in
substantial alteration of the downstream physical environment (Williams and
Wolman 1984). Such change clearly affects floodplain water tables, especially along
losing reaches (i.e. effluent reaches where the hydrologic gradient causes the stream
to lose water to the subsurface). Water regimes can strongly influence the
vegetative composition of riparian forests (Stromberg and Patten 1990). However,
little is known about how fluctuations in floodplain groundwater depth affect
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ecosystem function. Wetland inventories in western North America have been made
problematic by hydrologic severance of riparian forests from former groundwater
sources due to anthropogenic lowering of water tables (Tiner 1990). The linkage
between hydrogeological factors and riparian plant community function is assuming
increased importance as the economic value of water increases and municipal,
industrial, or agricultural uses for instream flows (e.g. Brown et al. 1990) are
evaluated.
Low-elevation floodplain landscapes of the Southwest were historically
dominated by gallery forests of Populus fremontii and Salix gooddingii (Grinnell
1914). Although these taxa are still present in relict distributions, the naturalized
exotic, Tamarix ramosissima. now dominates many arid land alluvial communities.
Where dominant, this species can alter whole ecosystem properties, including
hydrologic processes (Vitousek 1990). Salix and Populus have long been recognized
as indicators of shallow groundwater, just as changes in water table depth have long
been cited for their potential to alter the structure of riparian forest assemblages
(Meinzer 1927, Bryan 1928). Close functional associations between groundwater
and riparian woody phreatophytes were demonstrated by diurnal water table
fluctuations that were similar in periodicity to transpiration response curves
(Robinson 1958). In studies involving seasonal soil moisture depletion, Tamarix and
Salix showed little evidence for water acquisition from the unsaturated zone, while
Populus used soil moisture even when groundwater was available (McQueen and
Miller 1972). Consequently, there is some evidence for an "obligate-facultative"
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phreatophyte dichotomy. Similar indications come from the floodplain distributions
of Salix and Populus in the lower Colorado River drainage. The former species is
typically closely associated with active channels while the latter is less tightly linked
to perennial streams.
Ecophysiological reviews (Kozlowski 1984) have concentrated largely on the
effects o f flooding on riparian woody plants. Studies of rivers in Europe and
western North America (e.g. Johnson et al. 1976, Pautou and Decamps 1985, Rood
and Heinze-Milne 1989) consider the importance of geomorphology in structuring
riparian communities. However, such efforts have tended to emphasize correlation
with floodplain hydrogeologic factors rather than the mechanisms governing
vegetation responses to physical variation in alluvial systems. Therefore, a more
rigorous evaluation of water source dependence in alluvial forest and scrub
communities of the southwestern U.S. was conducted; objectives were to: (1)
investigate the importance of sampling location for the naturally-occurring stable
isotopes, deuterium (D) and oxygen-18 (180 ), in plant water relations research; (2)
apply appropriate methods to distinguish among sources for water uptake in woody
riparian phreatophytes; and (3) investigate potential correlations between stable
isotopic ratios and certain water relations parameters for dominant riparian forest
taxa of the lower Colorado River basin.
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STABLE ISOTOPES OF WATER

Lack of attention to the functional responses of riparian plants to subsurface
moisture availability can be attributed to the difficulties inherent in studies of root
zone water absorption. The finding that water taken up by trees and shrubs may be
characterized as to source by stable isotopic analysis of tree sap (White et al. 1985,
Ehleringer and Osmond 1989) demonstrated the possibilities for distinguishing
between unsaturated zone and groundwater absorption sources. Physical processes,
notably evaporation and condensation, govern the extent to which isotopic
enrichment occurs in water. The most abundant water molecule, 1H2160 , has a
higher vapor pressure than molecules with the heavier isotopes D or lsO.
Evaporation causes the fractionation of these isotopes with the heavier isotopes
tending to concentrate in the liquid phase.

Results are reported as "5-values," that

is permil (i.e. °/oo or parts per thousand) variations from Standard Mean Ocean
Water (SMOW), a world-wide standard, by:
R -R
&X(oloo)=SSS.— ^ * 1 0 3

K*
where X represents either D or lsO and R is the absolute isotopic ratio of either the
sample or standard. Deuterium and lsO 6-values o f precipitation generally show the
linear relationship described by the equation for the meteoric water line (MWL\
Craig 1961):

6 D = 8 6 l8O + 10
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Water subjected to evaporation generally falls along lines with slopes lower than 8 in
8D-8lsO space. Thus, interpretations as to the source of water may be made by
examining isotopic compositions as well as deviations from the MWL. Isotopic
enrichment in leaf water has also been investigated using 8D-8lsO evaporation line
slopes (Allison et al. 1985, Cooper and DeNiro 1989), although it appears that the
analytical value in evaluating plant water use is currently rather limited (Flanagan
and Ehleringer 1991).
Due to evaporative losses to the atmosphere, water in the soil unsaturated
zone tends toward isotopic enrichment relative to groundwater. Soil water shows
decreasing evaporative enrichment in D and 180 from the surface to the zone where
liquid transport is dominant (Allison and Hughes 1983, Allison et al. 1983).
Differences in the 5-values of groundwater and soil water are the basis for
determining plant uptake sources using isotopic ratios of free water extracted from
plant tissues. The isotopic composition of groundwater is less affected by
precipitation in arid landscapes because direct recharge is infrequent in lowprecipitation, high-evaporation environments. Conversely, alluvial influences are
likely to dominate the isotopic characteristics of groundwater because of the
prevalence of losing stream reaches in desert landscapes (Fetter 1988). Flooding
and water table fluctuations are thus the principal sources of moisture replenishment
in floodplain soils.
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Implicit in the cohesion theory o f the ascent of sap is the premise that water
in transpiring plants forms a continuous system from the leaf surfaces through the
xylem to the absorbing surfaces of the roots (Kramer 1983). Water extracted from
the plant xylem prior to transpiration is isotopically equivalent to water that is
absorbed by the roots (Sternberg 1989). Diffuse porous wood in the Salicaceae is
characterized by indistinct sap movement patterns within a number of peripheral
xylem annual increments (Kramer and Kozlowski 1979). Active conduction of water
in Populus and Salix is therefore thought to occur over radially broad areas of
sapwood so that water extracted from sapwood cores would offer the clearest
depiction of root zone absorption. Mixing of water between heartwood and sapwood
may play an important role in determining sap bD at certain sites during dry periods
(White et al. 1985). Stem capacitance (Tyree 1988) may affect water residence time
within wood tissue. Xylem-phloem water exchange (Ziegler 1989) or stem cuticular
transpiration (Dawson and Ehleringer 1991) could cause isotopic enrichment in
branch water. This brings into question the suitability of using various wood tissues
for isotopic studies of water uptake.
Previous research efforts have used radioactive or stable isotopes to examine
water absorption in forest communities. Uptake of tritiated water demonstrated the
importance of groundwater during dry periods for trees on semiarid and mesic sites
(Rickard and Price 1989, Stringer et al. 1989). Riparian Ouercus and Acer xylem
water bD analysis showed a water absorption shift from surface to deeper water
sources as trees mature (Dawson and Ehleringer 1991). Hydrogen isotope ratios
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showed that riparian trees of the Sierra Nevada may shift dependence on uptake
sources from soil moisture, to surface runoff, to groundwater, as soils dry and flows
diminish (Smith et al. 1991). Using stable isotopes, White et al. (1985) were able
to distinguish the use of soil water associated with individual precipitation events
from groundwater use in eastern forests; trees on progressively more hydric sites
were less dependent on soil moisture and more dependent on groundwater.
Although Wershaw et al. (1970) reported bD values for P. sargentii sap which were
higher than nearby surface water sources and consistent with water extracted from
soils, they failed to consider groundwater as a potential source for absorption. Such
information gaps and contradictions hinder our understanding of the nature of the
dependence on various water sources in riparian forest communities.

METHODS

Study Area

Data were collected at two sites on the Bill Williams River in west-central
Arizona (34°15’ N, 114°0’ W, elevation 150 m). These sites were selected to
represent an alluvial forest association characteristic of the region’s floodplains
during presettlement times. Vegetation of these study sites corresponds to the
Populus-Salix forest community type of Szaro (1989). Common understory shrubs
include Tamarix. Tessaria sericea and Baccharis glutinosa. Although floodplain
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vegetation is subject to frequent natural disturbance from flooding, perturbation from
flood control, fire, and agriculture has altered this association. Frequent
establishment of Tamarix in forest canopy gaps has been facilitated by these forms
of perturbation. Despite this, germination and establishment of native tree taxa still
occur on these sites.
Sites adjacent to the lower Colorado River provided a setting where the same
forms o f perturbation affecting the Bill Williams River are more pronounced and
have been active over a longer time. Additional sampling was thus conducted near
Needles, California (34°50’ N, 114°35’ W, elevation 150 m) and near Blythe,
California (33°25’ N, 114°45’ W, elevation 125 m) where a Tamarix community
(Szaro 1989) is dominant. Germination of native tree taxa is infrequent on these
sites, as Tamarix appears to competitively exclude Populus and Salix from
throughout much of the lower Colorado River Valley. At the Needles site, a tall
thicket association codominated by Tamarix and Salix is present. The latter species
occurs in a relict distribution along a previous river channel. Prosopis pubescens
and Tessaria are subdominant shrubs at this site. The Blythe site is a riparian
habitat reestablishment area (Anderson et al. 1984). Cuttings of various native
riparian tree and shrub taxa were planted here in 1979. Due to poor survival of
Salix. only Populus was sampled at this site. Although apparently stressed, sampled
trees had grown to heights > 10 m in the 10 years since planting.
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Field sampling

Data were collected seasonally at the two sites on the Bill Williams River and
in late summer at the two sites on the lower Colorado River. River water samples
were taken from well-mixed, accessible points on each river near each study site.
At each site, piezometers were installed to sample groundwater in the unconfined
aquifer. All wells consisted of slotted PVC pipe which was placed in holes drilled
to > 6 m. After determining depth to the water table, water samples were obtained
by hand pump and sealed in 100 ml glass vials. Three well volumes were pumped
prior to collecting water samples to assure that standing water with recent
atmospheric exposure was not sampled.
From each piezometer, or central point between piezometer pairs, variablelength transects (n = 4, in each season) were selected along randomly derived
azimuths. Where transects intercepted canopies of the taxa selected for study
(Populus. Salix. and Tamarix). soil and plant samples were collected. For the
former two tree taxa, single individuals > 25 cm dbh were sampled by coring with
a 1.2 cm diameter increment borer. Bark tissue was discarded, then cores were
separated into sapwood and heartwood segments for later analysis. These two wood
sources were not subsequently considered independent samples. Branch segments
and leaves from sunlit portions at the midcanopy level were also collected from
these individuals. Because of its shrub morphology, we were unable to core
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Tamarix. so only the latter two types of tissue were sampled. Sampling was
conducted near midday (ca. 11:00 to 14:00 h) to maximize the probability of
gathering data from actively transpiring trees and shrubs. All samples were rapidly
sealed in 40 ml glass vials. Although evaporation and condensation occurred in the
vials, upon sealing they constituted a closed system so that stable isotope ratios were
constant within them.
Near individuals of each taxon selected for tissue water sampling, composite
soil samples at 50 and 100 cm depths were collected by augering. For each depth,
samples to be used for subsequent soil water isotopic analysis were bulked in the
field by collecting equal amounts from each of three points along each study
transect. There was, therefore, one sample for each soil depth per transect. All soil
water samples were sealed rapidly in 950 ml glass jars. Data on volumetric soil
moisture content (0 ) were gathered seasonally using time-domain reflectometry
(TDR; Topp and Davis 1985). TDR probes were inserted in the soil at nine
randomly-selected locations at the Bill Williams River sites. Probe orientation was
vertical and probe lengths were 30 and 90 cm. We were thus able to compare soil
water isotopic ratio data at the 50 and 100 cm depths with 0 at 30 and 90 cm, and
to an integrated value of 0 from the upper 90 cm of the soil profile.
Total water potential (\p) was measured on plants selected for tissue water
isotope analysis or on adjacent individuals within the same stand. Measurements
were made in the field using the pressure chamber technique (Turner 1988) on 10 20 cm terminal branch segments taken from the midcanopy level before dawn, at the
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time o f assumed maximum diel \p 0/wt)> and at the presumed midday \p minimum
(l/m in ) •

Laboratory Procedures

An azeotropic toluene distillation procedure (Dewar and McDonald 1961)
was used for isotopic analyses. This procedure has been shown to be a satisfactory
method for extracting free water from soil and plant tissues for isotopic analysis
(Allison and Hughes 1983, Allison et al. 1985, Revesz and Woods 1990, Yakir et
al. 1990). Water derived from all sources was exposed to the same water extraction
regime to minimize potential experimental bias. Samples together with sample
bottles were placed in the toluene distillation apparatus to assure that all condensate
was collected during the distillation process.
Hydrogen gas was produced by converting 5 fil aliquots of sample water
using uranium as a reducing agent (Bigeleisen et al. 1952). Isotopic ratios were
determined by introducing hydrogen gas into a Nuclide 3-60 double collector mass
spectrometer. Leaf, branch, soil, and groundwater samples were selected for
oxygen isotope analysis. For this process, 10 fi\ aliquots of the water samples were
reacted with guanidine hydrochloride to produce C 0 2 (Dugan et al. 1985). The
resultant C 0 2 gas was introduced directly into a Finnigan-Mat delta E mass
spectrometer. The reproducibility of 8D values derived using this method is ± 1 °/oo
while that of the 8I80 values is + 0.2 °/m.
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Data analysis

Paired t-tests were used to compare heartwood and sapwood bD means. For
comparisons of > 2 samples, analysis of variance (ANOVA) was used to test for
differences among mean bD values. Data from each species were considered as
"sources" in separate ANOVAs, with the plant tissues sampled considered
"locations" within these sources. Another set of locations consisted of soil, ground
and river water within a substrate source. Confounding of sources, and significant
(F = 4.944, P < 0.001) season X location interactions when the three taxa were
considered jointly in nested and complex two-way models, necessitated the use of
simpler two-way and one-way ANOVAs. Substrate locations were thus used
repeatedly in the separate ANOVAs for each species in each season. The two sites
sampled at the Bill Williams River were treated as blocks in these analyses.
Evidence for water location homogeneity came from means which were not
significantly different. Therefore, estimated statistical powers (1 - J), given a =
0.05) of ANOVAs are presented as recommended by Peterman (1990). The
Fisher’s Protected Least Significant Difference test, a liberal procedure for multiple
comparison testing (Petersen 1985), was used to assure that all possible differences
in bD means were identified.
Stable isotope ratios of sampled waters were plotted in bD-blsO space using
least squares linear regression models. Slopes of the resultant evaporation lines
were compared using analysis of covariance and the Newman-Keuls multiple range
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test (Zar 1983). Correlation analysis was used to examine the functional relationship
between physical and physiological factors and 5-values. Following all regression
analyses and ANOVAs, residual and normal probability plots were constucted to
evaluate the assumptions of normality and independence. Departures from these
assumptions were minor.

RESULTS

U.S. Geological Survey gauging station stream discharge data indicate that
the hydrographs of the two rivers differ substantially (Fig. III-l). During our study,
the lower Bill Williams River was characterized by low flows which declined to zero
by the end o f April. Daily variation of flow was beneath gauge detection limits in
the Bill Williams River. In addition to being several orders of magnitude greater,
Colorado River discharge was more variable on both an absolute annual and a diel
basis. Groundwater in the alluvial aquifers of the two river systems exhibited depth
variation which was similar to surface water hydrographs. Growing season mean
( ± SD) water table depth from a representative piezometer near the Bill Williams
study sites (1.24 ± 0.32 m, n = 6 dates) was shallower and more stable over an
annual scale than that from a piezometer in the lower Colorado River valley (3.53 ±
0.47 m, n = 6 dates). Midsummer mean groundwater depths in the vicinity of the
Bill Williams sites (1.08 + 0.01 m, n = 5 times) were also shallower and less
variable on a diel basis than those from the Colorado River floodplain piezometer
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FIG. Ill-1. Hydrographic data from U.S. Geological Survey gauging stations on the
Bill Williams and Colorado Rivers. Discharges presented are daily means over the
study period. Daily flow variations are standard deviations (SD) of daily means
calculated using instantaneous hourly flow rates. Note contrasting ordinate scales
for the two rivers.
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(2.91 + 0.13 m, n = 7 times). When midsummer water table depths from multiple
wells near each study area are compared, there is also evidence for shallower
groundwater and less spatial variability in Bill Williams River valley piezometers
(2.62 ± 0.81 m, n = 4) than in the Colorado River valley (3.89 ± 1.89 m, n = 4).
Floodplain soil moisture differences were consistent with the variation in
aquifer characteristics between river systems. Over the course of the study, 0 (n =
12) at the Bill Williams River study sites averaged 7.7 + 5.7% at the 30 cm depth
and 18.4 ± 11.0% at the 90 cm depth. Colorado River valley site soils tended to
have lower 0 , averaging 4.9 ± 0.5% at the 30 cm depth and 4.2 + 0.5% at 90 cm.
Bill Williams River valley water bD was compared among locations likely to
be linked to changing river discharge. This comparison involved waters from river,
aquifer, and hyporheic (i.e. saturated soil at the 100 cm depth) locations. Although
there was little probability of two-factor, location X season interaction or location
effect among river, ground, or 100 cm soil water, there were significant seasonal
differences in bD values from these locations (Table III-1). Multiple comparisons
testing showed that summer bD from substrate locations (-61.4 ± 0.4°/oo) was
significantly (P < 0.05) more enriched than autumn levels (-63.8 + 0.7°/m).
Exposure to evaporative forces is likely to be responsible for slightly enriched
summer bD from all substrate locations and the tendency for river (i.e. surface)
water to be enriched in all seasons (Fig. III-2). These results depict a seasonal
tracking o f bD among river, aquifer, and hyporheic waters. Although bD of soil
water taken from 50 cm beneath the ground surface was similar to that o f soil water
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TABLE III-1. ANOVA summary for bD of waters extracted from Bill Williams
River substrate source locations.

Source

df

F

P

1-R

Location

2

1.67

0.22

0.24

Season

2

5.61

0.01

0.70

Location X Season

4

0.20

0.94

-

Area

1

0.663

-

-

Residual

18

-

-

-

Locations were river, ground and 100 cm (i.e. hyporheic) soil waters. Season
represented March, June, and September data collection periods. Area was treated
as a blocking factor.
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FIG. III-2. Hydrogen isotope composition (5D) of water from substrate sources at
Bill Williams River study sites. Soil water represents water extracted from soil
samples from the 100 cm (i.e. hyporheic) depth. Vertical lines are standard errors
of the means. June and September river water values are each from a single
sample.
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from 100 cm and groundwater in March, a tendency toward D enrichment occurred
in June and became significant by September (Table III-2). Soil water bD at 50 cm
exhibited a linear relationship with depth to groundwater (r2 = 0.57, P < 0.005)
and season (r2 = 0.51, P < 0.009), but not 0 (r2 = 0.26, P > 0.08). Although
bD o f water from Bill Williams floodplain soils at both levels was weakly correlated
with 0 (r2 = .20, P < 0.03), a similar relationship was not present in the
comparison of water table depth to bD of water from soil at both depths (Fig. III-3).
The Colorado River sites demonstrated a trend toward bD enrichment at both
the 50 and 100 cm depths, but this tendency was not statistically significant (Table
III-2). Regression analysis demonstrated that bD of water from Colorado River
floodplain soils from both depths was correlated with water table depth (Fig. III-3).
Bill Williams River water table depth increase occurred over the growing season
(i.e. scale was temporal) whereas the groundwater depth variation reported for the
Colorado River occurs over a spatial scale within a single season.
Table III-2 provides evidence for continuity between zones o f active water
uptake and groundwater in all three taxa. There were no significant differences in
bD between potential rhizosphere water sources and water taken up by Bill Williams
River valley Tamarix. Salix or Populus in March. This was also true in June
despite the nonsignificant trend toward D enrichment of soil water from the 50 cm
depth. In September, bD was significantly lower in soil water from this depth than
it was in recently absorbed water in study site trees and shrubs. This occurred
despite substantial root development within the upper 50 cm o f the soil profile in all
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FIG. III-3. Relationship of soil water bD (i.e. water extracted from unsaturated
soils above the water table) and depth to groundwater for study sites in the Bill
Williams and Colorado River valleys. Reported water table depths varied
temporally over the growing season at study sites in the Bill Williams River
floodplain. Between site variation in groundwater depth is reported for the Colorado
River Valley. The plotted line represents the least squares regression model for the
Colorado River Valley sites.
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three taxa (pers. obs.). Although sampling limitations restricted our ability to make
inferences for the Colorado River valley, data from these sites appear to confirm the
linkage of roots of these taxa and groundwater. Only in Tamarix from the Colorado
River floodplain is a trend toward possible partial use of unsaturated soil moisture
evidenced by bD values intermediate between those of groundwater and those of
water extracted from surface soils.
Hydrogen isotope ratios from different plant tissue sources were compared to
test the hypothesis that sapwood provides the most accurate depiction of water
recently absorbed by the roots (Table III-2). There was a tendency for water
extracted from Populus branch samples taken in the Bill Williams River Valley to be
more depleted in D than water extracted from sapwood taken by coring the boles of
this species. However, this tendency was reversed for our limited Colorado River
Valley sampling and was not significant statistically in any season. Differences
between sapwood and branch water in Salix from both sites are even less distinct
and, with one exception, are within the ± 1 °lm laboratory precision. Paired
comparisons of sapwood and heartwood from all sites also showed indistinct
variation. For Salix. heartwood water bD (-71.2 + 4.8°/00) was not significantly
different (P > 0.99, 1-15 > 0.99) from sapwood water values (-71.2 + 4.9°/oo).
Similarly, no difference (P > 0.16, 1-15 > 0.99) could be detected between
heartwood (-69.7 ± 3.6°/oo) and sapwood (-69.4 ± 4.4°/00) water in Populus.
Correlation of plant water bD and

was statistically significant only for

Tamarix leaf tissue from Bill Williams River sites (Table III-3). Midday water
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TABLE III-3. Correlation of bD of water extracted from the plant tissues of three
Bill Williams River floodplain taxa with predawn (,p max) and midday (\pmin) water
potential.

Species
Location

'Pmax

Pmin

0.46

0.60*

Tamarix
Branch
Leaf

-0.75**

-0.62*

Salix
Branch
Leaf

0.42

0.61*

-0.44

-0.28

Branch

-0.10

-0.02

Leaf

-0.05

0.20

Populus

Pearson product-moment correlation coefficients (r) and statistical significance (* =
P < 0.05, ** = P < 0.005) are reported. Sample size (n) = 12 in all cases.
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potential and 8D of water from Tamarix leaves and branches and Salix branches
were also significantly correlated. Correlations of tissue water 8D and \p were low
for Salix leaves and for Populus branches and leaves.
Evaporation lines for each species and for substrate locations were plotted
using ratios for both stable isotopes. Plots in 8D-8lsO space (Fig. III-4) were
derived using least squares linear regression equations for plant leaf and stem tissue
water 5-values, and for substrate locations using 5-values for groundwater and soil
water from the 50 and 100 cm depths. All trajectories deviated substantially from
the MWL. Water extracted from branches o f all 3 taxa generally fell near the cluster
of points representing groundwater and hyporheic soil water. Analysis of covariance
indicated that the slopes of the evaporation lines were not equivalent (F = 3.329, P
< 0.03). With the exception of the Populus-Salix comparison, slopes of all pairs of
regression models were significantly different (Table III-4). Evaporation line slopes
for all plant sources were more negative than that for the substrate source. The
slope for Tamarix was significantly lower than that for the other two taxa.

DISCUSSION

Isotopic analysis of water extracted from sapwood in Salix and Populus
indicated that there is little difference in 8D among sapwood, heartwood and branch
tissue free water locations in these taxa (Table III-2). From a procedural standpoint,
sampling branch tissue water is potentially less injurious to trees and is easier than
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FIG. III-4. Evaporation lines in 5D-8I80 space for water extracted from plant and
substrate sources in the Bill Williams River valley. Table III-4 contains information
regarding the significance and comparisons of the regressions shown here. Because
slopes for Populus and Salix were nearly identical, only the data for the latter is
plotted here for clarity. The meteoric water line (Craig 1961) is denoted as MWL.
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TABLE III-4. Comparison of 6D-8I80 least squares regression models for water
extracted from plant and substrate sources.

bo

bi

r2

Substrate

-38.18

3.14“

0.92

< 0.00001

Populus

-43.26

2.67b

0.97

< 0.00001

Salix

-42.88

2.62b

0.95

< 0.00001

Tamarix

-44.48

2.34c

0.95

< 0.00001

Source

P

Regression coefficients are intercept (b0) and slope (b,). The latter is followed by
different superscripts for slopes that are significantly different following the
Newman-Keuls multiple range test. Coefficients of determination (r2) and P values
associated with tests of the hypothesis that slope is not significantly different than
zero are also reported.

ne
coring trees with an increment borer. However, comparisons of sapwood and
branch water 5-values should be made before embarking on extensive sampling of
branch free water in other taxa or in other ecosystems. The comparison of water
from wood sources produced no evidence that stem capacitance altered bD in Salix
or Populus boles. Likewise, water mixing between heartwood and sapwood was not
observed in these taxa as it was in moisture stressed Pinus strobus (White et al.
1985). Phreatophytes are presumably not as likely to utilize stem water storage as
trees growing on mesic sites where they may be subjected to cycles of drought.
Branch water bD was not affected by phloem sap isotopic enrichment as detected by
Ziegler (1989). Mixing of isotopically enriched phloem water with xylem water
either is minor or is overridden in actively transpiring Populus and Salix.
Several mechanisms could be responsible for the seasonal progression of bD
in surface, ground, and soil waters from the Bill Williams River Valley (Table III-1,
Fig. III-2). Higher evaporation rates during summer are the likely cause of the
slight enrichment in June substrate water D. Variations in reservoir releases or
altered agricultural groundwater withdrawls upstream of our study sites may have
affected evaporative processes occurring in potential source waters as well. The
apparent seasonal tracking of bD among surface, ground and hyporheic water
locations provides evidence that hydrologic processes in the floodplain of this losing
stream reach are dominated by Bill Williams River flows. Although this implies an
inability to distinguish among these locations in plant water uptake analyses, plant
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moisture availability below the 100 cm substrate depth was evidently governed by
alluvial dynamics in this system.
Variation in water isotopic ratios between substrate locations provided a basis
for distinguishing among potential plant absorption sources (Table III-2). The
seasonal decoupling of 5D in soil water taken at 50 cm from that in water taken at
other possible uptake source locations is evidence for decreasing groundwater effect
and increasing atmospheric evaporative influence in shallow Bill Williams River
floodplain soils. Correlation of seasonally declining water table levels and bD at the
50 cm depth is further evidence of progressive diminishing of the aquifer’s influence
on unsaturated floodplain soil moisture. In spite of this, the monotonic bD response
to groundwater depth for all soil levels (Fig. III-3) shows the influence of the
alluvial aquifer as the dominant soil moisture source in this system. This occurred
despite the attenuation of surface water flows at the Bill Williams River floodplain
sites (Fig. III-l). It is unclear why correlations of bD with 0 were not stronger for
either shallow or total soil profiles, although highly variable 0 values may be
partially responsible.
Colorado River flows were substantially greater and more variable than those
of the Bill Williams River on both a diel and an annual basis, while Colorado River
valley water table depths and fluctuations were also greater over both temporal and
spatial scales. These factors contributed to D enrichment at both the 50 and 100 cm
depths in floodplain soils (Table III-2), and reduced aquifer influence on soil
moisture in the Colorado River valley. The correlation of soil water bD with
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groundwater depth (Fig. III-3) implies decreasing evaporative exposure with soil
depth, increasing frequency of groundwater moisture replenishment with depth, or
both. Anthropogenic lowering of riparian water tables appears to have diminished
this source of shallow soil moisture supply. This may be a causative factor in the
increasing impoverishment of lower Colorado River floodplain vegetation with
respect to its formerly dominant native trees.
Despite seasonal and spatial variation exhibited in root zone 5D within and
between river systems, there was little evidence for absorption of water from
substrate locations which were not closely linked to groundwater (Table III-2). One
plausible deviation from this rule was Tamarix branch water from the lower
Colorado River floodplain where bD values intermediate between groundwater and
soil water from 100 cm were found. However, more extensive sampling in the Bill
Williams River valley failed to produce similar isotopic enrichment relative to
groundwater in water extracted from this species. Based on bD comparisons among
potential water source locations and free water extracted from woody plant tissues,
uptake in Populus and Salix may be characterized as consistently phreatophytic
within our study area. This applies even in lower Colorado River floodplain areas
where groundwater depths averaged ca. 3.5 m. These findings differ somewhat
from the soil versus groundwater use characteristics determined for these taxa by
McQueen and Miller (1972) and from the seasonally shifting water absorption
patterns shown for riparian trees of the eastern Sierra Nevada (Smith et al. 1991).
Although surface-subsurface hydrologic linkage was closer here than it was in the
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ecosystem described by Dawson and Ehleringer (1991), both studies document
phreatophytic uptake in mature riparian trees.
Evaporation in surface soils accounted for a substrate 8D-biaO regression with
substantially lower slope than that for the MWL (Fig. III-4). Significantly lower
evaporation line slopes for the 3 woody taxa can be attributed to higher evaporative
flux from saturated leaf surfaces relative to that from the unsaturated soil surface.
Evaporation line slope differences have been attributed to leaf water residence time
and exposure to repeated isotopic enrichment by evapotranspiration (Cooper and
DeNiro 1989). However, for riparian trees with presumably high transpiration
ratios, the pool of water affected by multiple enrichment via transpiration is likely to
be insignificant. A more negative evaporation line slope in Tamarix compared to
either Salix or Populus may indicate higher unit transpiration, analogous to the
proposal of Allison et al. (1985). However, this could also occur due to a less
extensive boundary layer in Tamarix and consequent dissimilar exposure to vapor
pressure gradients or air moisture isotopic equilibration. Positive deviations from
modeled bD-b180 slopes have been reported for leaf water from dehydration-stressed
Comus stolonifera (Flanagan and Ehleringer 1991). Evidence for water stress in the
native riparian taxa relative to Tamarix would be consistent with the interspecific
evaporation line slope differences reported here. Similarly, if Tamarix does absorb
isotopically-enriched water from unsaturated alluvial soils, lower 8D-biaO slopes
would be likely in this species.
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Tamarix leaves became more enriched in D as xpmin and \pmax declined (Table
III-3). This may be another manifestation of seasonally increasing diurnal
transpiration demand which is vapor pressure gradient driven. Correlation in
Tamarix but not in the broad-leaved native taxa may also be a reflection of
augmented boundary layer effects in the latter group. Correlations of \pmin with 8D
in water extracted from Tamarix and Salix branches suggest an increasingly close
linkage with a groundwater uptake source. Stringer et al. (1989) found that higher
ip correlated with 3H activity in transpirational water was an indicator of the
adaptation of Ouercus-Carva forest trees to utilize deep water sources to ameliorate
the effects of drying soils. For Tamarix and Salix. correlation of \pmin and 8D
implies that water stress increased despite groundwater uptake. Evidence for
facultative groundwater use in Tamarix where water tables were depressed (i.e. the
lower Colorado River) and indications that this species maintains high transpiration
through periods of stress appear to be adaptations that Populus and Salix do not
possess. If the native woody taxa are obligate phreatophytes while Tamarix can
extract soil moisture from less saturated soils in areas with depressed water tables,
the putative competitive exclusion of Salix and Populus in southwestern riparian
forests would be partially explained.
Research into plant water absorption which integrates the stable isotopes of
water allows a degree of refinement not attainable in correlative ecological or
hydrological approaches. Plant dependence on groundwater versus moisture from
unsaturated soils, which may have its source in periodic floods or precipitation
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events, is key to a phreatophytic classification. With the possible exception of
Tamarix. it appears that the dominant woody taxa o f the study area are obligate
phreatophytes. Current efforts to classify and inventory wetland vegetation, and to
establish instream flow maintenance requirements for alluvial forest vegetation,
should be aided by this type of information. Similarly, the relative degree of
dependence of riparian vegetation upon various potential uptake waters is pertinent
in determinations dealing with multiple hydrologic sources.
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CHAPTER IV

EFFECTS OF FIRE ON WATER AND SALINITY
RELATIONS OF RIPARIAN WOODY TAXA
OF THE SOUTHWESTERN U.S.

INTRODUCTION

Disturbance from flooding is a frequent event in riparian ecosystems and has
undoubtedly been a strong evolutionary selective force for the plants occurring there.
Anthropogenic alteration of hydrologic regimes has directly affected communities
dominated by woody phreatophytic vegetation throughout western North America.
The invasion of low elevation riparian communities of the southwestern U.S. by
Tamarix ramosissima may have been indirectly aided by such hydrologic change.
Because biotic invasions, including those o f wetlands, are disturbance-dependent
(Fox and Fox 1986, McIntyre et al. 1988), it is instructive to consider how
disturbance acts in structuring riparian associations recently invaded by Tamarix.
Biotic invasions may result in the alteration of whole ecosystem properties (Vitousek
1986). The invasion of phreatophytic Tamarix in North American riparian
ecosystems has been associated with the dessication of watercourses and altered
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nutrient dynamics (Vitousek 1990). Thus, mechanisms for ecosystem change
resulting from the invasion of this exotic have been proposed.
Another change in many low-elevation southwestern riparian ecosystems
where Tamarix has invaded is an apparent increase in the frequency of disturbance
from fire. During the years 1987-1989, fires burned 6057 ha (14%) of the riparian
vegetation in the lower Colorado River floodplain (unpubl. U.S. Bureau of Land
Management data). Despite the extent of this form of disturbance, fire is a poorly
known phenomenon for alluvial vegetation communities in North America (Kirby et
al. 1988). We believe that fire was relatively unimportant in structuring
southwestern North American riparian vegetation communities dominated by native
Populus fremontii. Salix gooddingii. or Prosopis spp. prior to Tamarix invasion.
Presently, fire appears to be infrequent in riparian ecosystems where Tamarix has
not invaded. Moreover, recent historical treatments of fire in southwestern plant
communities fail to mention its occurrence in alluvial forest vegetation (Bahre 1985,
Swetnam 1990). Provided that fire was historically unimportant, the invasion of
Tamarix with an accompanying propensity for episodic burning has produced an
anomalous disturbance regime in low elevation southwestern floodplain ecosystems.
The tendency of fire to volatilize nutrients, increase mineral elements, and reduce
available moisture (Wright and Bailey 1982), may play a role in invasions of
Tamarix into riparian communities which have come at the expense of native woody
taxa.
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The role of Tamarix in relation to fire is somewhat unclear. Halophytic
species such as Tamarix passerinoides have been shown to increase in abundance in
burned areas previously dominated by Phraemites australis (Al-Hilli 1987) whereas
successional pathways for Tamarix dioica indicate replacement by other taxa after
fire (Dinerstein 1979). While a low susceptibility to ignition in Tamarix is cited by
Le Houerou (1981), the opposite is the case for Tamarix in North America (Ohmart
and Anderson 1982). Profuse resprouting of Tamarix following fire has been
implicated in its rapid colonization of water courses throughout southwestern North
America (Crins 1989). The Salicaceae also are known to sprout vigorously upon
injury (Fowells 1965). Thus, Salix and Populus demonstrate a recovery mechanism
similar to that of Tamarix. Water uptake among these dominant alluvial forest taxa
is also similar. Based on soil moisture depletion (McQueen and Miller 1972) and
water stable isotope analysis (Chapter III), Tamarix. Populus. and Salix can all be
classified as phreatophytic, although there is some evidence for partial use of water
from the unsaturated zone in the former two taxa. In addition, the shrub Tessaria
sericea increases rapidly in abundance by root sprouting following fires in the lower
Colorado River floodplain. Growth of this species appears to be clonal from a
common lateral root system that includes roots extending to the water table (Gary
1963).
Because the water uptake and shoot regeneration mechanisms for these taxa
are similar, it was hypothesized that water transport phenomena might be
responsible for differences favoring Tamarix in recovery from burning. Water
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relations are a suspect mechanism because depressed water tables in regulated
stream aquifers may limit exotic as well as native riparian woody plants.
Interspecific variance in effective root: shoot ratios could be attributable to
differential injury or recovery from fire. If fire acts to increase soil salinity,
invasion by halophytic plants may also be facilitated. This, in turn, would influence
putative competitive interactions among native and introduced riparian woody taxa.
Our approach was to compare water and salinity relations in recovering burned
individuals to see if there was evidence for differential stress or vigor among
resprouting Tamarix. Populus. Salix. and Tessaria in comparison to those on
unbumed sites.

MATERIALS AND METHODS

Data were collected during the 1989 and 1990 growing seasons (March
through November) from riparian vegetation study sites in west-central Arizona.
One of these was in the floodplain of the Colorado River near Needles, California
(34°50’ N, 114°35’ W, elevation 150 m). This study area was characterized by a
tall scrub association dominated by Tamarix and Salix (Szaro 1989) which form
dense thickets with interlocking canopies. Tessaria was also abundant on these sites.
Data were collected from Salix. Tamarix and Tessaria individuals at three
sublocations within this vegetation association which showed no sign o f recent
surface disturbance (i.e. controls). An extensive area, which had been disturbed by
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an intense fire in 1986, was experiencing vigorous regrowth of these three taxa.
Resprouting Salix. Tamarix and Tessaria were also marked for study at three
sublocations. These sites were separated by 1.5 km and were both 150 - 200 m
from the Colorado River. The other study area was in the Bill Williams River
floodplain above Lake Havasu, Arizona (34°15’ N, 114°0’ W , elevation 150 m).
This area is dominated by a Populus-Salix forest (Szaro 1989), with Tamarix an
important subdominat shrub. A June 1989 fire provided the opportunity to examine
the effects of a more recent fire in this relatively pristine landscape. At adjacent
burned and unbumed plots < 50 m from the river channel, Salix and Tamarix
individuals were selected for study. Because of their relative abundances on the two
river systems, Populus replaced Tessaria in the sampling design for the Bill
Williams River.
Study site selection was partly determined by proximity to U.S. Geological
Survey (USGS) river gauging stations. For both the Bill Williams and Colorado
Rivers, vegetation plots were within 5 km of such stations. Data pertinent to these
stations were obtained electronically from AD APS, the U.S. Geological Survey
hydrographic data base for Arizona. Piezometers were installed to a subsurface
depth > 6 m on each study plot for recording water table levels in the unconfined
alluvial aquifer. Time domain reflectometry (TDR) was used to estimate volumetric
water content (0 ) in surface soils (Topp and Davis 1985). Vertically-oriented paired
TDR probes o f 30, 60, and 90 cm lengths were implanted to make monthly
estimates of 0 in the corresponding subsurface intervals.
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In recently-burned and unbumed locations, alluvial soils were sampled from
throughout the Bill Williams floodplain. Pre- and post-fire soil data were taken at 3
regularly-spaced locations along 4 randomly-selected transects oriented perpendicular
to the active river channel. Soil samples were taken with a 7.5 cm diameter auger
from 30, 60 and 90 cm depths. These samples were air-dried, ground, and sieved
through a 10 mesh (2 mm) screen. Soil extracts were prepared by dilution with
deionized water. Generally, soil analyses followed the procedures of Chapman and
Pratt (1962). Determinations of pH and electrical conductivity (EC) were performed
on soil extracts. Cations (Na, K, Ca, Mg) were analyzed by atomic absoption
spectrophotometry, bicarbonate (H C 03) by colorimetric titration, chloride (Cl) by
titration with silver nitrate, sulfate (S 04) by thorin titration, fluoride (F) by pH
meter fluoride electrode, boron (B) by the Azomethine-H method, and nitrate (N 03),
phosphate (P 0 4) and ammonia (NH3) by spectrophotometry.
Total water potential (\p) was measured twice daily on each plant, before
dawn at the time o f presumed highest daily \p ( i/v J and at midday when \p is at its
daily minimum ty min) in these phreatophytes. Monthly measurements were taken on
> 2 cuttings per plant using the pressure chamber technique (Turner 1988) with a
PMS (Corvalis, OR) Model 1000 pressure apparatus on 10-30 cm terminal branches
taken from the midcanopy level.
Stomatal conductance to water vapor (g) and transpiration (E) were measured
monthly using a steady state porometer (Licor L I-1600; Lincoln, NE). Concurrent
readings o f photosynthetic photon flux density (PPFD) were made with a L I-190-1
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quantum sensor. Diurnal curves for instantaneous g were developed from porometer
readings made at two hour intervals throughout the day. Data were collected by
making repeated measurements on three midcanopy leaves from terminal branch
segments of each study plant. Leaves were removed after the last daily porometry
determination and returned on ice to the laboratory for leaf area determination with
a Delta-T Devices (Pullman, WA) leaf area meter. Although the Salicaceae are
amphistomatous, area-specific g and E data are reported here for a single leaf
surface only.
Modeling change the of \f/ with with variation in E permits integrative
consideration of these parameters and can be used to indirectly derive information
on resistance to water flux or hydraulic conductivity (Elfving et al. 1972, Schulze
and Hall 1982, Reich and Hinckley 1989). Temporal dynamics in \J/ and E were
compared using least square linear regression models (Neter et al. 1989) for each
species-site combination. Tests of the hypothesis that regression coefficients (slopes)
were significantly different (Zar 1983) were used to compare the \p/E relationship on
burned and control plots.
Annual growth parameters were compared between Salix and Populus on
burned and control plots. The production of bud scale scars on proleptic shoots
made annual growth ascertainable in these taxa. Indistinct annual growth increments
in Tessaria and Tamarix made quantitative shoot biomass production estimates
impractical to derive. On a seasonal basis, 10 branches from each species were
collected randomly from each study site and returned to the laboratory for analysis.
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Stem length, number of leaves, total leaf area, and specific leaf area (SLA) were
determined.
The relative degree of discrimination against carbon isotopes during C 0 2
assimilation is the basis for comparisons of plant water-use efficiency (WUE)
between species or sites (Farquhar et al. 1989). When expressed relative to the ratio
o f a standard, the ratio of the stable isotope 13C to that of 12C in leaf tissue samples
provides a means of estimating WUE which is integrated over the time a leaf tissue
develops. For each season-site-species combination, bulked samples of oven-dried
(65°C for 72 h) and ground tissue were obtained from multiple leaves from 10 of the
branches used in the morphological analysis. These samples were subjected to
analysis by an isotope ratioing mass spectrometer to determine stable carbon isotope
ratios. These ratios were expressed in parts per mil (°/oo) and are reported as 813C,
the ratio o f the sample to that of the PDB standard.
Water potential and g response analysis, as well as the TDR soil moisture
evaluation, involved sequential sampling of the same experimental material over
hourly and monthly time scales. Multivariate repeated measures analysis o f variance
(Moser et al. 1990, Potvin et al. 1990) was used to differentiate among mean
responses for these data using the SPSS-X profile analysis procedure. The
assumption of compound symmetry of covariance matrices was not rejected
(Mauchly’s criterion, P > 0.05) for the results reported here. Where univariate
approaches were appropriate, analysis of variance (ANOVA) and t-tests were
employed to test for statistically significant differences in data means. Groundwater
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depth, PPFD, morphological, and 8,3C data were considered random within monthly
or seasonal time periods. ANOVA for these factors followed a randomized block
model (Montgomery 1984) with time treated as the blocking factor. Residuals
analysis and normal probability plots were used to evaluate assumptions of normality
and equivalence of variance in these cases, with departures from these assumptions
being minor. Variance and normality assumptions were not met for data from the
soil chemical analyses so the nonparametric Mann-Whitney test (Conover 1980) was
employed to test the statistical significance of burned and control site differences.

RESULTS

Low precipitation throughout the study area dictated that the dynamics of the
alluvial aquifers governed, to a great degree, soil moisture availability for floodplain
vegetation. Mean groundwater levels were significantly lower (F = 61.5; P <
0.001; d f = 1, 174) at Colorado River study sites (X ± SD = 3.55 ± 1.77 m) than
at Bill Williams River sites (2.03 + 0.77 m). The difference in groundwater
variability between study areas was attributable to flow characteristics in the adjacent
river systems. The peak of the Colorado River hydrograph (513.5 ± 178.1 m3/s)
occurred in April with minimum monthly average flow in September (287.2 ±
122.6 m3/s). Bill Williams River peak flows were in February and averaged 0.12
m3/s, but daily variability was beneath gauge detection limits. By the end of April,
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Bill Williams River flows had declined to zero at the gauging station, although flows
were detectable at the study plots for another 3 months.
Vadose zone volumetric soil moisture means and variabilities tended to be
lower for Colorado River sites than in Bill Williams River floodplain soils (Fig. IV1). For the Colorado River, burned site soils (2.45 ± 0.73%) had significantly (F
= 25.1; P < 0.01; df = 1,5) lower mean 0 than did those at the control site (3.58
± 1.47%). Average Bill Williams River burned site soil 0 (11.03 ± 9.30%) was
not significantly (P > 0.8) different than that at the control site (10.40 + 7.63%).
Table IV -1 presents a comparison of soil characteristics before and after fire
for areas on the Bill Williams River. Pre-fire data were collected during May of
1989 from throughout the Bill Williams River floodplain. Prior to burning, there
were no significant differences among sites for any soil constituent mean values,
with the exception of F. Post-fire data are from more intensive coring of one of the
pre-fire sample areas which burned in early August 1989 and was sampled later that
month. With the exception of P 0 4, soils on burned areas tended to have
significantly higher mean post-fire levels of macronutrients. Salinity, indicated by
mean EC and ionic constituent averages, also tended to be significantly higher in
burned site soils as did average soil pH.
Across the study area, there were significant interspecific differences in all
leaf tissue elements with the exception of N (Table IV-2). Tamarix ramosissima
tended to have higher dry weight percentages of most cations but significantly lower
B concentration than the three other species examined.
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FIG. IV-1. Volumetric soil moisture (0 ) at study sites in the Bill Williams and
Colorado River floodplains. Dashed lines represent burned sites and solid lines
represent controls. Horizontal lines through points indicate standard error of mean
0 (n = 36).
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TABLE IV-1. Soil chemical characteristics (X + SE, n = 18) from sites in the Bill
Williams River floodplain prior to and following fire. Significant differences in
means following the Mann-Whitney test are denoted as * for P < 0.05 and ** for P
< 0.005.

Factor

Pre-fire

Post-fire

pH**

7.55 ± 0.05

8.00 ± 0.06

EC (dS n r1)*

1.48 ± 0.34

4.58 ±

1.00

NH4 (mg/1)**

2.49 ± 0.99

8.13 ±

3.73

N 0 3 (mg/1)**

0.27 ± 0.16

P 0 4 (mg/1)

1.09 ± 0.32

0.62 ±

0.25

H C 0 3 (meq/1)

3.89 + 0.52

5.07 ±

0.86

S 0 4 (meq/1)*

7.71 ± 1.97

27.12 ± 7.04

Ca (meq/1)*

6.88 ± 1.63

18.31 ±

3.87

K (meq/1)*

0.86 + 0.17

3.06 ±

0.80

Mg (meq/1)*

3.09 ± 0.76

10.43 ± 2.50

Na (meq/1)*

4.88 + 1.34

17.28 ±

5.11

Cl (meq/1)*

5.16 + 1.82

21.22 ±

6.83

FI (mg/1)

1.05 ± 0.12

1.31 ±

0.41

B (mg/1)*

0.93 + 0.16

1.94

0.38

76.50 + 23.32

i
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Throughout the study, midday mean PPFD external to study vegetation
stands was high (1975 ± 22 /*Em'2s'!) and did not differ significantly (P > 0.9)
among sites. At the midcanopy level, where conductance, transpiration and water
potential measurements were made, burned sites had significantly (F = 18.2; P <
0.001; df = 3, 318) higher mean PPFD (1265 ± 86 and 974 ± 76 ixE m V 1 for the
Colorado and Bill Williams, respectively) than did control sites (685 ± 64 and 461
± 76 n Em Y 1).
Stomatal conductance tended to be higher at midday in recovering burned
individuals from both sites than in unbumed plants (Fig. IV-2). For Populus (F =
9.7; P < 0.05; df = 1,4), Salix (F = 9.4; P < 0.05; df = 1,11), and Tamarix (F
= 22.3; P < 0.01; df = 1,11), burned individuals had significantly higher g than
controls over the times and months examined. Burned versus control site
differences in g were not significant (P > 0.05) for Tessaria.
Average water potentials at predawn (l/v^) and especially midday (^m£n)
tended to be more negative in burned individuals than in controls (Fig. IV-3).
Burned versus control site differences in mean \p were significant for Tamarix from
the Bill Williams River (F = 18.3; P < 0.05; df = 1,4), as well as Colorado River
Salix (F = 7.6; P < 0.05; df = 1,5) and Tessaria (F = 9.7; P < 0.05; df = 1,4).
Regression models linking \p and E provided an integrated depiction of plant water
status. For the Bill Williams River, the \p-E regression slope was more steeply
negative in burned Tamarix than in controls (Table IV-3). The reverse tended to be
the case for native taxa, though the regression coefficient comparisons were not
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Bill Williams River
Bum
Control

Colorado River
Bum
Control

Bill Williams River
Bum
Control

\jr (MPa)

Colorado River
Bum
Control

Tamarix ramoslsslma

\|r (MPa)

Bill Williams River
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Salbcgooddlngll

Colorado River
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-2
Predawn
Midday

Populus fremontii

Tessaria serioea

FIG. IV-3. Water potentials (\p) for woody taxa at Bill Williams and lower
Colorado River study sites. Standard errors of means (n = 24) for \pmin and y]/^
were < 0.09 MPa in all cases.
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TABLE IV-3. Comparison of water potential-transpiration ($-E) regressions for the
dominant woody taxa of burned and unbumed study sites on the Colorado and Bill
Williams Rivers. Data are regression coefficients (i.e. slopes) o f least squares
regression models. The slopes of all regressions were significantly (P < 0.05) less
than zero, with the exception of burned Bill Williams River Tamarix where P <
0.10. Those marked * are significantly different (P < 0.05) for the bumed-control
regression coefficient comparison.

Bill Williams River

Control

Burned

-0.067

-0.039

-0.056

-0.085

-0.123

-0.081

-0.111

Species

Burned

Tamarix ramosissima

-0.072

Salix gooddingii
Populus fremontii
Tessaria sericea

Colorado River

—

*

—

Control

-0.033
*

—

-0.084

-0.088
—

*

-0.142
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statistically significant. Colorado River Salix that had been burned showed a
significantly more negative slope than did control individuals. The regression
coefficient for burned Tessaria was significantly more positive than for controls
(Table IV-3).
Stomatal conductance and E data must be viewed in relation to canopy
maintenance characteristics at the various sites. Increases were noted in post-fire
Salix mean stem elongation, leaf production and leaf area relative to controls,
although for only the Bill Williams River were the first two factors statistically
significant (Table IV-4). Mean SLA was lower in burned Salix. significantly so for
the lower Colorado River. Although growth year mean stem elongation and leaf
production was greater in burned Populus at the Bill Williams River site, average
leaf area was significantly lower in these plants (Table IV-4).
Stable carbon isotopic analysis provided a means of describing WUE in
individuals growing on burned and control sites. A higher probability of significant
difference for the burned versus control area comparison in mean 813C was
evidenced for Tamarix and Tessaria relative to that for Salix and Populus (Table IV5). Carbon isotope enrichment provides evidence for a shift toward higher WUE
following fire in the former, but not the latter, two species.
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TABLE IV-5. Stable carbon isotope comparison between burned and control sites
for dominant woody taxa of Colorado and Bill Williams River study sites. Data (X
± SE, n = 8) and ANOVA probability (P) of a significant difference between
burned and control sites are reported.

&I3C (°/oo)

Species

Control

Burned

P

Tamarix ramosissima

-27.96 ± 0.28

-27.10 ± 0.49

0.059

Salix gooddingii

-28.38 ± 0.21

-28.17 ± 0.24

0.354

Populus fremontii

-29.01 ± 0.16

-28.53 + 0.45

0.327

Tessaria sericea

-29.61 + 0.02

-28.07 ± 0.34

0.044
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DISCUSSION

Most soil nutrients are not volatilized by fire and so losses of nutrients from
burned sites are typically attributed to surface erosion (Wright and Bailey 1982).
The arid nature of the southwestern U.S. dictates that, in the absence of flooding,
such losses should be minor. Fire-associated changes in soil elements (Table IV-1)
could represent a nutrient resource for those individuals capable of utilizing this
abundance. However, post-fire pH increases may lead to reduced micronutrient
availability and may also explain the slight decrease in post-fire P 0 4 concentration.
Although rapidly growing plants tend to maintain high uptake rates of most
nutrients, they are also more susceptible to heavy metal toxicity and hypersalinity
(Chapin 1980). Thus, coversion of surface soil to a saline condition with high B
concentrations may be a precursor to post-fire toxicity for certain plants. Populus
and Salix seedlings exhibited low tolerance to irrigation treatments equivalent to the
salinities reached in post-fire soils on the Bill Williams River, while Tamarix and
Tessaria were substantially more osmotically tolerant (Jackson et al. 1990). It
appears (Table IV-2) that Salix and Populus exclude Na, but this attribute could be
altered as soils become more saline following fire.
Little is known about the susceptibility to high (i.e. > 1 . 5 mg/1) levels of B
in the growth medium in native riparian taxa, but Tamarix tolerates high
concentrations of this element (U.S. Salinity Laboratory Staff 1954). Tamarix salt
glands concentrate and secrete various cations and anions in addition to B; the
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degree to which this takes place is a function o f the salinity of its water source
(Berry 1970). High cation concentrations but surprisingly low B in the leaf tissue o f
Tamarix leaf tissue was observed relative to the other taxa investigated (Table IV-2).
Ash produced upon combustion of Tamarix tissue is thus likely to be high in the
ionic constituents, although native glycophytes could also contribute to the ecosystem
loads o f these elements following fire.
Lower 0 in burned site surface soils may be attributable to increased
transpiration rates in recovering plants, but the loss of canopy cover would also
increase evaporation from exposed soils (Whisenant et al. 1984). Burned sites from
both the Colorado and Bill Williams River study areas were characterized by drier
soils in the upper 30 cm (Fig. IV-1). The tendency for significantly lower 0 to
extend throughout the top 90 cm at the Colorado River burned site is a manifestation
of depressed alluvial groundwater levels of this system. Obligate phreatophytes
would be unlikely to substantially deplete 0 in surface soils where water tables
average > 3 m below the soil surface, as in this ecosystem. However, the rapid
recovery of taxa (Tamarix and Tessarial that may facultatively utilize water from the
unsaturated zone may also be responsible for soil moisture depletion. Insignificant
differences in soil profile 0 between burned and control sites on the Bill Williams
River probably relates to shallower water tables and more frequent replenishment of
vadose zone moisture. The dominance of phreatophytes (Chapter III) in this system
may also assure that water uptake from surface soils is minimal.
Higher midday g at burned sites in comparison to controls was characteristic
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of all taxa throughout the study area (Fig. IV-2). This may be due to the
significantly higher average midcanopy PPFD or to higher N availability in burned
soils (Table IV-1). Based on comparisons of canopy transpiration and stem water
flux, porometry data taken at the midcanopy level are more representative of whole
tree water status than readings made only in sunlit crowns (Schulze et al. 1985).
Thus, greater stomatal gas exchange can be considered a general property of riparian
plant taxa during fire recovery, integrating the differing irradiance levels between
burned and unbumed sites. Although this may be viewed as a sign of vigor in
recovering individuals, the inability to control stomatal water loss has also been
associated with a loss of leaf turgor in Populus (Schulte et al. 1987).
Stomatal conductance has been positively correlated with growth and leaf
area in Populus (Kelliher et al. 1980). If higher g is associated with reduced leaf
area in recovering burned tree crowns, total canopy gas exchange characteristics
would differ from that indicated by porometry. However, burned Bill Williams
River Salix showed increased stem elongation and leaf production (Table IV-4) in
concert with higher g (Fig. IV-2). In burned Bill Williams River Populus. leaf area
was significantly lower than for controls, although there was no significant
difference in leaf specific area. The lack of significant differences in morphological
measurements and the existence of significantly lower leaf specific area in burned
Colorado River Salix. present a more equivocal picture for this species. High
instantaneous g may thus be partially compensated for by reduced canopy cover in
burned Bill Williams River Populus and in burned Salix from the Colorado River.
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Burned versus control site differences (Fig. IV-3) in mean

were slight

relative to those for \pmin, a finding which is consistent with the phreatophytic habit.
Roots o f these taxa are apparently in contact with groundwater sources (Chapter III)
and this connection is apparently maintained or quickly reestablished after burning.
There was a tendency within all taxa studied on the Colorado River burned site to
have similar i f/ ^ to those on the control site. Predawn \p for recovering burned
individuals at the Bill Williams River tended to be lower (Tamarix’). higher (Salix').
or approximately the same (Populusl as controls. Higher

in recently-burned

Eucalyptus was attributed to the temporary relaxation of depletion of soil moisture
through evapotranspiration (Wellington 1984). Linkage to a groundwater moisture
source may preclude these types of shifts in

for riparian phreatophytes.

Nonetheless, the levels of \pntax reported here are substantially lower than those
reported previously for Salix (Dionigi et al. 1985) and Tamarix (Anderson 1982)
from less arid regions, so that even slight alterations may be consequential. More
negative \pmin was characteristic of burned Tamarix from the Bill Williams River and
Salix from the Colorado River relative to controls. Despite this, mean \frmin in
burned Bill Williams River Tamarix was within the range of values from both sites
on the Colorado River where this species thrives. Recovering burned Salix from the
Colorado River had a \pmin average which was significantly more negative than any
o f the other sites and would suggest a more stressful condition.
To further compare differences in plant water status following fire, the
effects o f E on \p were modeled using linear regression (Table IV-3). Decreases in
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\f//E slope can be related to reduced hydraulic conductivity in the soil-plant water
pathway which may relate to root mortality, hardwood formation, or cavitation of
xylem vessels (Schulze and Hall 1982). Adaptations affecting susceptibility to injury
or probability of recovery from fire may thus produce differences in the \]//E
regression coefficient. Different effective root: shoot ratios may exist in recovering
burned individuals by virtue of disparate fire injury in the above and below ground
environments or from more effective post-fire recovery strategies. Given adequate
transport mechanisms, the water and nutrients required to support high
photosynthetic gas exchange would not be limiting following fire. Effective
moderation of \p with changes in water flux can prevent desiccation injury and
permit maintenance of a larger photosynthetic surface area (Pallardy and Kozlowski
1981). Salix from the Colorado River had a significantly more negative slope in the
burned condition in comparison to controls plots. This provides evidence for
decreased efficiency of water uptake and transport in the post-fire condition. Such
limitations were not characteristic of burned Tamarix on the Colorado River. Post
fire increases in Tessaria community dominance in the Colorado River floodplain
may, in part, be explained by a greater hydraulic efficiency (i.e. higher regression
coefficient) evidenced in recovering individuals. In comparison, Bill Williams River
burned Tamarix had significantly lower \p/E slopes than did controls, while the
opposite tended to be the case in the native tree taxa. Possible competitive
advantages related to the ability of Tamarix to use water facultatively from the
vadose zone (Chapter III) where water tables are depressed may not be hydraulically
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beneficial where water tables are near the surface. Also, the rate-limiting resistance
to water flow differs according to whether water is supporting only transpiration or
growing tissue as well (Boyer 1985). Therefore, the degree to which new root or
shoot growth is important to recovery in these taxa may also help explain these
differences.
Compared with desert plants, riparian phreatophytes are thought to have low
WUE by virtue of their moderate photosynthetic capacities, limited control of water
loss, and maintenance of foliar biomass through dry periods (Smith and Nobel
1986). Despite the availability of a perennial moisture resource, increases in WUE
may have adaptive value in the response of riparian woody taxa to disturbance.
Higher WUE in burned individuals would enable plants to optimize carbon
assimilation given the potential hydraulic limitations of an injured or regenerating
water conduction system. Lower (depleted) carbon isotope ratios are associated with
higher intercellular C 0 2 concentrations, lower stomatal diffusion limitations, and
lower WUE (Ehleringer and Cooper 1988). Enriched 8I3C levels in recovering
burned Tessaria and Tamarix (Table IV-5) can thus be associated with higher WUE.
The 813C shift for these two taxa between unbumed and burned riparian sites is
similar to those described across an increasingly dry soil moisture gradient at a
nearby Sonoran Desert upland site (Ehleringer and Cooper 1988). The possibility of
nonstomatal limitation to C 0 2 assimilation is noteworthy in that the high g values
reported for recovering burned individuals from all four taxa may be decoupled from
transpiration efficiency. Less negative 8l3C values have been associated with
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increased salinities (Farquhar et al. 1982) and increased light intensities (Smith et al.
1976). Therefore, in spite of high g levels, Populus and Salix may not be able to
respond as effectively as the two shrub taxa to maximize carbon gain by increasing
WUE following fire.
The ability of woody angiosperms to sprout epicormically, while not an
adaptation to fire per se, may be important to rapid crown recovery (Rundel 1981).
It has been theorized that plant species that possess such anatomical mechanisms
might have also developed adaptive characteristics that enhance the flammability of
the communities where they grow (Mutch 1970). Such adaptations appear to be
lacking or not expressed in Salix and Populus. the taxa which formed historic
riparian gallery forests in the southwestern U.S. As was demonstrated in North
American temperate forest regeneration (Reich et al. 1990), post-fire stimulation of
ecophysiological properties is not consistent for all of the woody taxa represented in
the riparian community. Accumulation of flammable leaf litter beneath Tamarix
contributes to episodic fires which aid in its invasion of North American floodplain
plant communities. This exotic, together with the shrub, Tessaria. appear to be the
principal beneficiaries of riparian zone fires in the southwestern U.S. Apparently,
fire represents a novel disturbance form affecting Tamarix-invaded riparian
ecosystems. Similar to the proposal of Vitousek (1986, 1990), whole ecosystem
properties have indeed been altered by this invasion. As shown here, altered
ecosystem properties can be extended to include the occurrence of fire with the
mechanisms mediating this change linked to water and salinity relations.
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CHA PTER V

DISSERTATION SUMMARY

Riparian ecosystems are important components of southwestern landscapes
due principally to the hydrological and habitat functions that they serve.
Anthropogenic alteration of riverine physical environments throughout western North
America has resulted in the perturbation of these functional attributes. Thus, the
foundation for this research effort was a close examination of physical factors at
riparian sites on the lower Colorado and Bill Williams Rivers. Hydrological,
geochemical, and edaphic parameters that were monitored included stream
discharge, water table depth, soil moisture, groundwater chemistry, and alluvium
elemental composition. Of special importance in this analysis were the salinity
attributes of study site soils.
Ecophysiological approaches, linking the study of the physiology of
individuals with the physical environments in which they occur, have recently been
advanced as a mechanistic means to the understanding of plant community structure
and function. Such an approach was utilized in comparisons of relatively pristine
alluvial forest complexes dominated by native Populus fremontii and Salix
gooddingii with stands where perturbation was evidenced by the increased

210

dominance of the exotic, Tamarix ramosissima. an aggresive invader of perturbed
riparian ecosystems throughout southwestern North America. In addition to riparian
site comparisons, competitive interactions between this exotic and native tree taxa
were evaluated by conducting Tamarix removal experiments.
Hydrogeological characteristics o f the two river systems were distinct, with
the Colorado River sites exhibiting greater depths to groundwater, and a high degree
o f daily variability in both river discharge and water table depth, relative to
measurements made in the Bill Williams ecosystem. Higher salinities were a
general characteristic of the alluvial soils at Colorado River study sites. This is
consistent with infrequent flooding, low soil moisture, and greater water table depths
in this ecosystem in comparison with the Bill Williams River. Despite these general
trends, downstream Bill Williams River study sites, where trees demonstrated crown
dieback as evidence of possible environmental stress, had high levels of several soil
elements including the phytotoxic micronutrient, B. Although elemental analyses
revealed disparate ionic compositions for groundwater in the Colorado and Bill
Williams River ecosystems, consideration of alluvium nutrient analyses revealed that
the Colorado River ecosystem is clearly more saline.
Salinity exceeded quantities shown to reduce vigor in Populus and Salix at
Colorado River sites, while Tamarix. Prosopis sp., and Tessaria sericea would be
within their tolerance levels at these sites. High leaf concentrations of Na in the
latter species indicates that this shrub should, like Tamarix. be considered
halophytic. These taxa do not appear to exclude Na at the root as is thought to
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occur in Salix and Populus. but apparently use Na in addition to K for osmotic
adjustment. Levels o f Mn in Salix leaves were found in potentially phytotoxic
concentrations, but were not found in conjunction with high alluvium concentrations
o f this element. This may result from reducing conditions in a presumably phreatic
root zone. Also of note were low B concentrations in Tamarix leaves, a possible
indication that this boron-tolerant species may exclude or eliminate this element
efficiently.
Alluvial forest associations dominated by phreatophytes such as Tamarix.
Salix. or Populus have historically been considered to be tightly linked to aquifers
for water uptake. Anthropogenically decreased frequency of flooding and depression
of water tables may, in effect, sever riparian plants from their water sources. Thus,
at floodplain study sites along the Bill Williams and lower Colorado Rivers,
naturally-occurring D and 180 were used to distinguish among potential water
sources via comparisons with water extracted from these taxa. Isotopic composition
o f water obtained from sapwood cores did not differ significantly from heartwood or
branch water, suggesting that heartwood water exchange, stem capacitance, and
phloem sap mixing may be inconsequential in actively transpiring Salix and Populus.
There was evidence for close hydrologic linkage of river, ground, and soil water
during the early part of the growing season, but surface soils exhibited D enrichment
as the growing season progressed. Water extracted from Populus and Salix xylem
cores did not exhibit isotopic enrichment and was not significantly different from
groundwater or saturated soil water sources, indicating a phreatophytic uptake
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pattern. Isotopic ratios indicated high canopy evaporative conditions and possible
use o f water from unsaturated soil sources in addition to groundwater in Tamarix.
Relative to the native woody taxa, more negative osmotic potentials in
Tamarix appear to contribute to its adaptations for survival in saline or desiccated
environments. Low tissue elasticity in this species may confer advantages in
responding to short-term moisture fluctuations. These factors would provide a
competitive advantage over Populus or Salix where steep water potential gradients
are required to maintain transpiration in habitats with high salinity or depressed
water tables. Tissue water relations parameters for Salix and Populus were within
the range of values reported in other studies of these genera, but the intermediacy of
Salix relative to Populus and Tamarix was of note. Greater tolerance to turgor loss
may help explain differential declines of native tree taxa which have favored the
persistence of Salix in the saline and moisture-deficient Colorado River ecosystem.
Only Tamarix water potentials measured in the field approached the point of
turgor loss which were characteristic of water relations determinations using
pressure-volume analysis. Between site differences in leaf conductance were
minimal in Tamarix. but individuals at Colorado River sites had higher transpiration
than those along the Bill Williams River due, presumably, to higher vapor pressure
deficits. Low stomatal conductance in stressed Populus and Salix relative to controls
combined with a lack of substantial intersite differences in water potential indicated
that regulation of stomatal opening may be utilized to minimize the effects of
moisture or salinity stress in these taxa. Carbon isotope discrimination suggested
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that water use efficiency is high in Tamarix. a tendency potentially attributable to its
halophytic characteristics. This is in contrast to the uniform depiction of
phreatophytes as "water spenders," and to carbon isotope analyses indicating that the
other riparian taxa investigated had low water use efficiencies. Although
competitive superiority has previously been inferred from both low and high water
use efficiencies, the latter attribute may be advantageous for long-lived perennials in
environments where water has become more limiting over time.
In Salix. morphological responses to water stress were characterized by
reductions in leaf area and stem elongation, but not altered leaf number. Leaf area,
stem elongation, and leaf number were all lower in stressed Populus. In this
species, altered leaf numbers may occur due to indeterminate growth or premature
leaf abscission under moisture or salinity stress. Specific leaf area measurements
indicated a trend toward xeromorphy in Populus on stressed Bill Williams River
sites. Greater tolerance to water or salinity stress at the tissue level relative to
Populus may enable Salix to exhibit little morphological change in response to short
term drought, and to persist where Populus does not in areas where environmental
perturbation has been a long-term phenomenon.
Removal of Tamarix produced a marked morphological response in the form
of increased stem elongation and leaf area in Colorado River Salix thickets.

This

occurred despite the lack of altered moisture availability in experimentally cleared
study sites. Higher evaporation rates in cleared soils may contribute to marginally
higher salinities in these sites. Water potential increases of up to 0.5 MPa provided
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an indication of decreased moisture stress in Salix following Tamarix removal. This
is also an indication of competition for water in this community. Higher water
potentials were coupled with increases in stomatal conductance in the remaining
Salix individuals on experimental sites. Altered hormonal or light availability
factors may be responsible for the enhanced gas diffusion which followed clearing.
Fire represents a novel form of disturbance in riparian ecosystems, and one
that may be facilitated by the invasion of Tamarix. Soil elemental analysis indicated
that salinities increased following fire in the Bill Williams River floodplain. Boron
was also elevated in soils after burning. Increased stand evapotranspiration
following fire appears to result in lower soil water content on burned sites relative to
unbumed sites. Higher leaf stomatal conductance was characteristic of all taxa on
burned sites. This may be due to higher photosynthetic photon flux density at the
midcanopy level, and may be partially mitigated by reduced growth in resprouting
burned individuals. Water potentials in recovering Salix growing in the Colorado
River floodplain reached levels that are considered stressful. Tessaria and Tamarix
showed evidence of post-burning hydraulic efficiency relative to Salix in this
ecosystem. Enriched 513C levels in burned Tessaria and Tamarix relative to controls
was an indication of higher water-use efficiency following fire. Thus, the theory
that whole ecosystems are altered by invading species appears to be validated by
these findings, and this explanation is suggested for the increased perturbation
related community dominance of Tamarix and Tessaria.
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Due to fire and hydrological perturbation, Tamarix or Tessaria scrub
vegetation now dominates former alluvial forest stands on the lower Colorado River.
While Salix continues to show evidence for recruitment in this ecosystem, senescent
population structures indicate that the local extinction of Populus in this ecosystem is
imminent. Despite levels of Tamarix importance similar to those of the Colorado
River, the Bill Williams River floodplain retains demographic attributes in Populus
and Salix populations which are considered more characteristic of pristine riparian
communities. Detrended correspondence analysis ordinations of perennial riparian
species and riparian stands in the Bill Williams and Colorado River valleys revealed
strong affinities of community structure to moisture and salinity gradients, and also
to axes thought to represent community maturity or regeneration from disturbance
due to fire. Indirect gradient analysis also provided evidence for a generalist role in
alluvial community function for Tamarix relative to other perennial taxa. This
contrasts with the depiction of Populus and Salix as obligate phreatophytes and
Tessaria as a colonizer of perturbed habitats where moisture availability is low and
salinity is high.
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